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PREFACE

In October 1981, the U. S. Army Engineer Waterways Experiment Station
(WES) was requested by the U. S. Army Engineer District, Norfolk, to perform a
hydraulic model investigation of possible hydrodynamic changes to Chesapeake
Bay as a result of the proposed deepening of the Norfolk approach channels.

The study was conducted by personnel of the Hydraulics Laboratory, WES,
and its subcontractor Acres American, Inc., under the general direction of
Messrs. H. B. Simmons, Chief of the Hydraulics Laboratory, F. A. Herrmann, Jr.,
Assistant Chief of the Hydraulics Laboratory, R. A. Sager, Chief of the Estu-
aries Division, W. M. Dyok of Acres American, Inc., and Dr. R. B. Taylor of
Tetra Tech, Inc. Testing was conducted under the supervision of Messrs. R. O.
Bruno, Chief of the Chesapeake Bay Model Branch (WES), and S. R. Rives of
Acres American, Inc. Data analysis and final report preparation were con-
ducted under the supervision of Messrs. Bruno of WES and J. R. Pagenkopf of
Tetra Tech, Inc. Project Engineers for the model study were Messrs. D. R.
Richards for WES and M. R. Morton for Acres American/Tetra Tech. Additional
key personnel for WES involved in the model study included Messrs. A. W. Crunk,
M. A. Granat, and Ms. V. R. Pankow. Key personnel for Acres American and
Tetra Tech included Messrs. D. G. Dionne, W. E. Hayes, P. S. Jayne, P. A.
Waltz, and Ms. M. F. Capriotti. Special acknowledgment is made to Mr. Crunk
for providing computer graphics assistance which was used extensively in this
report. This report was prepared by Messrs. Richards and Morton.

Commander and Director of WES during the conduct of this study and the
preparation and publication of this report was COL Tilford C. Creel, CE.

Technical Director was Mr. F. R. Brown.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRiC (SI)
UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be converted to

metric (SI) units as follows:

Multiply By To Obtain
acres 0.40647 hectares
cubic feet per second 0.02831685 cubic metres per second
feet 0.3048 metres
feet per second 0.3048 metres per second
inches 25.4 millimetres
miles (U. S. statute) 1.609344 kilometres
square feet 0.09290304 square metres
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NORFOLK HARBOR AND CHANNELS DEEPENING STUDY

PHYSICAL MODEL RESULTS

Chesapeake Bay Hydraulic Model Investigation

PART I: TINTRODUCTION

Chesapeake Bay

1. Chesapeake Bay with its tributary estuaries forms the largest estu-
arine system in North America. The 190-mile*-long estuary varies in width
from 4 to 30 miles with an average depth of 28 ft (Figure 1). The mean annual
discharge of its 126 freshwater tributaries is approximately 70,000 cfs, al-
most 90 percent of which is contributed by the Susquehanna, Potomac, Rappahan-
nock, York, and James River basins. The Atlantic Ocean provides salt water tc
the bay, producing large salinity variations within its boundaries. The
eastern shore is generally saltier than the western shore, attributed in part
to the predominance of freshwater flow from the western shore tributaries and
to the counterclockwise tendency of flow resulting from Coriolis force.

2. Chesapeake Bay is classified geologically as a drowned river valley
estuary. The Holocene sea-level rise inundated the Susquehanna River Valley
to form the bay. Sedimentation from the tributaries as well as erosion of the
banks has contributed to maintaining the bay's broad, shallow character. The
bay is classified as a partially mixed estuary, although various stages of
freshwater discharge and tidal and wind mixing cause portions to alternate be-
tween well mixed and highly stratified. Tides are semidiurnal with mean
ranges from 1 to 2 ft. The length of Chesapeake Bay is such that a complete
tidal wave is contained within its limits at all times. Wind-generated waves
are generally less than 3 ft in height, but larger waves can occur during high
wind conditions. Average maximum velocities for tide and wind-driven currents
range from 0.5 to 3 fps.

3. Chesapeake Bay contains a variety and abundance of wildlife that

make it unique as a biological environment. Its estuarine waters are rich

% A table of factors for converting U. S. customary units of measurements to
metric (SI) units is presented on page 3.
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with nutricnts and organic material that suppcrt some of the largest crops of
oysters and clams in the world. The lower salinity portions of the estuary
provide the spawning grounds for a variety of fishes including the striped
bass, shad, and herring. Most of the organisms native to Chesapeake Bay are
tolerant of natural fluctuations in the saltwater distribution, but sometimes
permanent changes provide stresses that they cannot survive. The adverse =f-
fects of these sometimes man-induced changes are often realized through the
depletion of existing spawning areas for fishes or by providing more conducive
environments to the organisms' predators as is most noticeable in shellfish.
Since man is capable of making permanent changes to the bay’'s salinity and
hence its biota through his navigational improvement efforts, it is important
to know the possible impacts on the environment prior to implementation of a
project so that reasonable alternatives can be explored or trade-offs assessed

in a responsible manner.

Norfolk Harbor

4. Navigational uses of Chesapeake Bay in the Norfolk area are of great
importance to the Nation and the local communities. Due to its naturally pro-
tected harbors, the Norfolk area has historically been the home port of naval
activities since colonial times. Commercially, Norfolk has playved a major role
in east coast bulk shipping for many years. Its closeness to the Appalachian
coal fields and connecting rail lines has helped it become the largest coal
exporting port in the United States. However, with the current trends toward
deeper draft bulk cargo vessels and an ever-increasing demand for United
States coal, Norfolk may lose some of this competitive advantage. There are
currently several vessels calling on Norfolk that must carry partial loads to
navigate through the existing channels. Since the majority of the cargo pass-
ing through Norfolk is high in volume and low in price, the efficient use of
shipping is crucial to bring profits. Unless the harbor is deepened, future

deep-draft vessels may be forced to use other ports.

Proposed Channel Improvements

5. The proposed improvements to channels and anchorages approaching

b



Norfolk Harbour are shown in Figure 2 and described as follows (USAED, Norfolk,
1980):

Increasing the depth of Thimble Shoal Channel from 45 to 55 ft
below mean low water over its existing 1,000-ft width.

b. Increasing the depth of Norfolk Harbor Channel from 45 to 55 ft
below mean low water over its existing 800- to 1,500-ft width to
the coal terminal at Lamberts Point.

XY

Increasing the depth of the channel to Newport News from 45 to
S5 ft below mean low water over its existing 800-ft width to the
coal terminal at Newport News.

kg

d. Dredging a new channel, referred to as the Atiantic Ocean Chan-
nel, off Virginia Beach to a depth of 57 ft I "ow mean low water

and a width of 1,000 ft over a length of 10.- .1les.

e. Constructing three fixed-mooring anchorage f “ities, each ca-
pable of accommodating two large vessels sim aneously.

f. Tluncreasing the depth of the Elizabeth River “he Southern

Branch of the Elizabeth River between Lamber - nt (river

mile 9) and the Norfolk and Western Railway b.:dge (river

mile 15) from 40 to 45 ft below mean low water over its existing
375- to 750-ft width.

g. Increasing the depth of the Southern Branch of the Elizabeth
River between the Norfolk and Western Railway Bridge (river
mile 15) and the U. S. Routes 460 and 13 highway crossing (river
mile 17.5) from 35 to 40 ft below mean low water over its exist-
ing 250- to 500-ft width, and providing a new 800-ft turning
basin at the terminus of the channel improvement.

6. The depths listed above are project depths and do not include al-
lowable overdepth dredging. The actual depths for the proposed new channels
with the required overdepth dredging should be 3 ft deeper. Previous deepen-
ing projects in the vicinity also had provisions for overdepth dredging. The
model study of the proposed channel deepening used the existing channel depths
as determined by the most recent surveys for the base condition with the plan

condition using the project depths plus the 3-ft overdepth dredging.

Purpose

7. The purpose of this study was to investigate the impact of the pro-
posed channel deepening on the hydrodynamic characteristics of Chesapeake Bay.
The study was designed specifically to determine what changes in tidal eleva-
tions, current velocities, and salinities could be attributed to the proposed

channel dcepcening.
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Scope of Testiug

8. The hydraulic model study consisted of two parts. The first was a
series of four steady-state tests (constant discharge and cosine tides) de-
signed to study base versus plan differences in tides and current velocities.
Both base and plan geometries were tested under medium and high tide range and
freshwater discharge conditions. The boundary conditions and sampling pro-
cedures for the steady-state tests were dictated by the needs of numerical
models at the U. S. Army Engineer Waterways Experiment Station (WES) for sub-
sequent studies of sediment transport and shoaling in the dredged channels and
neighboring bottom areas.

9. The second part of the study was a dynamic test (variable discharge
and variable tides) designed to predict base versus plan differences in salin-
ity response. A 2-1/2-year variable hydrograph was used with a repetitive
28-lunar-day variable tide for both base and plan geometries. The ocean

source salinity was the same for both steady-state and dynamic tests.




PART 11: CHESAPFAKE BAY MODEL

Physical Model Description

10. The physical model of Chesapeake Bay 1is located on Kent Island in
Matapeake, Maryland. The model is an 8.6-acre fixed-bed model molded 1n con-
crete to conform to the most recent National Ocean Survey charts. At the time
of this study, all major ship channels had been molded with the proposed 50-ft
channels leading into Baltimore and the existing channels elsewhere. Channels
in the James and Elizabeth Rivers and Thimble Shoal area of the Lower Bay were
molded to correspond to prototype information callected as late as 1981. The
molded area of the model extends trom approxinmately 30 miles offshore in the
Atlantic Ocean to the heads of tide for all tributaries emptying 1nto the
Chesapeake. The entire length of the Chesapeake and Delaware (C&D) Canal and
a portion of Delaware Bay are also molded. Overbank geometry is reproduced tc
the +20 ft contour. Model limits are shown in Figure 3.

11. The hydraulic model was designed based on the equality ot Froude
numbers, model to prototype, reflecting similitude of gravitaticnal effects.
Geometric scales of the model are 1:1,000 horizontally and 1:100 vertically,
reflecting a distortion ratio of 10:1. These dimensions aund Froudian model

laws defined the following model-to-prototype ratios:

_Characteristic ____Ratio
Vertical length 1:100
Horizontal length 1:1,000

Slope 10:1

Time 1:100
Velocity 1:10

Volume 1:100,000,000
Discharge 1:1,000,000

The model-to-prototype ratio for salinity is 1:1. This is the general prac-
tice for distorted-scale models.

12. The model was designed and equipped so that selected prototype
boundary conditions could be simulated and the model response to these condi-
tions recorded. A discussion of appurtenances necessary to generate and re-

cord test boundary conditions follows,

10
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Computer Facilitices

13. The Chesapeake Bay model is equipped with five minicomputers that
perform a variety of tasks ranging from model control and data logging to the
analysis and graphical display of model test data. These include a Texas In-
struments (TI) 960, a Tl 980, an International Business Machines (IBM) 5110, a
Digital Equipment Corporation (DEC) PDP 11/23, and a DEC PDP 11/44.

14. The TI 960 is a 64K minicomputer used solely for model control and

data acquisition. It is equipped with a 2.5-megabyte magnetic disc that con-
tains all necessary system software to compile and run the model control com-
puter program. It also is equipped with two 250K flexible disc drives that
are used to receive data from 75 different flowmeters and water-level de-
tectors throughout the model. Output from these devices is displaved on a
cathode-ray tube (CRT) or hardcopy terminal where it can be observed at the
same time that it is recorded on flexible disc. Through the model contral
terminal, an operator can interactively observe model operations by displaving
values from any combination of model control devices.

15. The T1 980 is a 56K minicomputer used primarily tor data analysis.
[t has the same access to the magnetic disc and flexible discs as does the
TI 960. 1In addition, 1t can interface with a 300 card-per-minute card reader,
a 9-track, B800-bpi (bvtes per inch) magnetic tape drive, and a Versatec elec-
trostatic printer/plotter. Graphics for this report were partially supplied
by the Versatec machine.

16. The IBM 5110 is a 64K minicomputer that has access to twin 250K
flexible disc drives and Tektronix plotting peripherals. It uses an APL key-
board and is used in various data editing and analysis tasks.

17. Data logging at the model can be accomplished through the use of
the PDP 11/23 minicomputer. The PDP 11/23 has 64K of main memory and can
store 5.8 megabytes of data on a Winchester magnetic disc. Although it is
being developed as a self-contained data logging system, it is also used for a
variety of small data analysis tasks.

18. The largest of the model minicomputers is the PDP 11/44 which has a
full megabyte of main memory and can service eight users simultaneously. Pro-
gram and data storage in the system is supplied by twin 10.4 megabyte remov-
able magnetic discs, a 1,600-bpi tape drive, twin 250K flexible disc drives,

and a 600 card-per-minute card reader. The PNP 11/44 is connected to a

12




Tektronix graphics system Lhal includes a 4112 videou graphics screen, a 4662
flat bed plotter, and a 4612 hard copy unit. The graphics in this report were
largely supplied by the PDP 11/44 and Tektronix system.

Tide Generation and Measurement

19. Source tides in the model can be generated by using the primary
tide generator in the model ocean and by using the secondary tide generator in
the Delaware Bay at the eastern end of the C&D Canal. Both tide generators
can be operated to generate a repetitive tide, or by using the TI 960 model
control computer a repetitive or variable tide can be generated.

20. The TI 960 computer controls the source tides by providing a con-
tinuously changing programmed voltage to the tide-generating mechanisms.

These mechanisms consist of a feedback system that is entirely self-contained
and is not dependent on computer feedback for adjustment. The system consists
of a tide control amplifier that conditions the computer signal and a bubble
tube positioner that senses the water-level position and positions the hydrau-
lically controlled inlet and outlet gates via a hydraulic pilot amplifier.
Figure 4 is a schematic of the tide-generating system. A more detailed de-
scription of the tide generators can be found in Scheffner et al. (1981).

21. Water-surface elevations throughout the model can be measured both
manually by 75 distributed point gages, and automatically by 22 water-level
detectors (WLD), which report their individual water levels to the computer
where they are stored. Water-level elevations are monitored both manually at
the ocean and automatically throughout the model during testing (Figure 3).

Manual measurements at the ocean were used to check automatic devices.

Freshwater Inflow

22. The Chesapeake Bay model is capable of reproducing a variable hydre-
graph freshwater inflow through the use of positive feedback control of river
discharges. Fresh water normally enters the model at 21 independent inflow
points representing the major tributaries of the prototype. During the Nor-
folk test, however, an additional inflow was needed on the Elizabeth River to
more accurately simulate the inflows in the lower James River watershed. Or-

dinarily, Elizabcth River flows enter the model through the inflow on the
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Nansemond River. Figure 5 is a map of the Lay showing the positions of the
discharge points. The Susquehanna River required two inflow systems (num-
bers 15 and 22) due to the range of freshwater inflow. As shown in Figure 5,
both these systems lead to the same discharge point.

23. Although more than 100 separate tributaries empty into Chesapeake
Bay, only 22 rivers were chosen to represent the total combined bay discharge.
Providing a separate discharge point at each minor tributary is impractical.
The sophisticated plumbing and equipment necessary for each inflow are expen-
sive and require specialized maintenance. Many of the tributaries provide in-
finitesimal flows, immeasurable with the present system used. These flows are
summed with the nominal discharge of the closest of the 22 chosen tributaries
to provide a representative and weil-balanced, as well as a cost-effective,
inflow distribution.

24. Flow is controlled at the discharge points by an arrangement of
solenoid-controlled discharge ports with graduated orifices. An electrical
signal causes a solenoid to be activated, fully opening a discharge port. The
configuration of the graduated orifices is such that 4,096 combinations of
open and closed ports provide a range of flows which can be stepped from the
smallest measurable flow to the individual tributary's maximum flow. These
arrangements of ports are called digital valves.

25. Flow from the digital valves to the model is monitored continuously
by bearingless flowmeters of varying ranges that can be used alone or in com-
binations to provide accurate flow readings covering the full range of a
tributary's discharge. The flowmeters use fiber optics to count the revolu-
tions of a water-driven rotor. Optical pulses are translated to electrical
pulses that are summed on an arrangement of totalizers and latches on a coun-
ter card. This counter is strobed at predetermined intervals which causes the
summed value of pulses to be transferred to a transmitter and the latches
cleared for the next summation. During this study, inflows were strobed every
18 sec, or every half hour of prototype time; thus the values available for
flow calculations are not instantaneous flows but are 18-sec averages.

26. Each flowmeter in use has its own transmitter where the binary to-
tals from the counter are translated to ASCII code and transmitted to the
TI 960 model control computer in serial form via a hard-wired, cascading, mul-
tiplexed 20-ma current loop communication system.

27. In thc computer, the pulse totals are transformed to flows using a
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linear regression derived [rom pretest
calibrations for each flowmeter/digital
valve combination. The computer then
compares these 18-sec averaged flows
with the desired flows for each tlow-
meter and determines whether the digita
valve setting should be adjusted at any
of the inflows. The teedback system is
activated when there is a discrepancy
between the desired flow and the actual
flow. Discharge ports are opened or
closed to adjust the actual tlow toward
the desired flow. Time-averaged dis-
charges controlled in this manner re-
main very close to the desired hydro-
graph step values. Some overshooting

of flows may occur at the beginning of e MATTAPONI RIVER

each hydrograph step as the computer

adjusts, but flows are generally stable

Figure 6. Tvpical intlw svstem

within just a few update cycles. This
varies, of course, with the magnitude of the step change as well as with each
individual flowmeter/digital valve combination. Figure 6 shows a typical in-

flow system used in this test.

Sewage Treatment Plants

28. During this study, changes in discharges of the rivers were sup-
plemented by modeling major sewage treatment plants (STP's) 1n the Nortolk
area. Figure 5 shows the locations of the five STP's modeled tor the study.
Table 1 is a list of the stations with their geographical locations. Duis-
charges A and B are located on the James River, discharges C and D are locatec
on the Elizabeth River, and discharge F is located near Little Creek 1n the
Lower Chesapeake Bay. Engineering drawings of the STP's were consulted and
the discharge points were located as near as possible to those 1n the proto-
type. Fresh water was used as the discharge medium in all modeled STP's.

Since ncar-field flow patterns are not easily modeled in a distarted-scale
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modcl, and since a near-field flow/
density structure was not an object of
concern, no attempt was made to repro-
duce the injection methods of prototype.
Brass ditiusers were fitted to nylon
tubing for outfalls. Figure 7 shows a
typical portable inflow as used in the
Nortolk Harbor study. A coustant-head
tank, gpproximately 10 1t above the
wodel | teeds aao array of adjustable ro-
tameters which an turn teed the nylon
discharge lines.  Flow rates through

the SIP' s were adjusted manually, as re-

quired, througheut ecach hydrograph test.

Svrry Nudlear Power Plant

29, The (ooling water diversion

Figure 7.  Tvpi.al STP

trom the Surry Nuclear Power Plant was
simutated 1n model testing tor the
trest tome o the Nortolk Harbor study . The plant as located at Hog Island or
the scuthern shore of the James River (Figures 5 and 8). Virgimia Electric
Power Company (VEPCO)Y ftacsals have estimated the diversion at 3,740 cts con-
tinuousty even whea the plant s et on Line. A diversion of this magnitude
is several times greater than the total James River intlow during drought con-
ditions 5o ts incduston was deemed necessary for this study.

30 Engineering drawings and hydrographic surveys were consulted so
that the intake and outtall geometries as well as therr nearshore approach
channels were modeled to closely approximate prototype conditions. Figure 8
shows the intake and outtall locations near Hog Island and the relative close-
ness to the nearest salinity sampling stations. During the model test, the
3,740-cts (prototype) constant bypass was maintained by reading a discharge
rotameter and adjusting a throttling valve which was attached to a constant
rpm centrifugal pump (Figure 9). An identical calibrated backup pump was
avatlable i1n case the primary pump failed during testing. No significant dif-

terences 1n pump performance were naot tced hetween the base and plan tests.
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Saltwater Supply Systenm

31, A constant source sahinity is provided to the model cccan by omain-
taining the supply sump (Figure 4) at the desured salinite, Thes s ac-

complished by adding sutficient quantaitres of saturated byvne Lappromats

280 ppt) to the return sump where 1t s mixed o the desvred soucee wglinaty
prior to being circulated to the supply sump and theroo to the e del o earn
The saturated brine solution 1s obtarned by njecting fresh water tnte o bed

ot granular salt (NaCl) from which 1t 1s later released to the tetarn cunp
measured quantities. The saltwater supply svsten 15 copable of mantarning
source salinity to within 0.2 ppt of that desired 1o steady-state conditrons

and to within 0.5 ppt ot that desired during variablic hvdregraphie conditrons.

Bubbler System

32. The bubbler system in the model 1s designed to create a morve real-
istic vertical salinity distribution. Since nonastronomical mixing energy
(primarily wind) is not easily modeled by tides and supplemental roughness
alone, 1t was necessary to add the bubbler system in order to maintain closer
agreement with the vertical salinity distribution in the prototype.

33. The model bubbler system consists of a network of copper tubing
placed along the axis of the bay and its major tributaries (Figure 10). The
tubing is charged with a constant air pressure and releases bubbles into the
water column at a constant prescribed flow rate. Throughout any given test
the bubble flow rate, air pressure, and bubbler depth in the water are moni-

tored for consistency.

Current Meters

34. In this study, both magnitude and direction of currents were sam-
pled. Current magnitude measurements were made with miniature Price-type
meters (Figure 11). The center line of the model cups on the meter was about
0.04 ft above the bottom of the meter frame. The overall width of the meter
was about 0.1 ft in the model, representing a horizontal width of about 100 ft

in the prototype. Therefore distortion of the horizontal area (model to protc-

type) resulted in model velocities averaged over a much larger arca than those
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Figure 11. Miniature Price-type
velocity current meter

of the prototype point observations. The same was true for the

vertical area

since the height of the cups on the meter was cquivalent to about 4.0 ft pro-

totype. Current speeds were obtained by counting the number ot

revolut tans

the meter made in a l0-sec interval which was equivalent to about 17 min in

the prototype. The meters were calibrated frequently to ensure

the accuracy

of measurements and were capable of measuring actual speeds as Jow as ahout

0.03 tps (0.3 tps prototyvpe). Accuracy of these meters was about 2¢.15 tps

(prototype).

35, Current directions were recorded hourly to the nearest 10 deg by

using a direction vane and direction rose as shown in Figure 12.

with the Price-tvpe meters, the size of the vane results in dire

that are an average value over its 2-ft {(prototype) height. In

As was true

ction readings

most cases,

cnrrent direction changes are fairly slow so technicians could maintain read-

ing precision to within 10 deg.




Figure 12. Current direction vane and compass rose

Vacuum Sampling System

36. Salinity samples for this test were taken using a vacuum aspiration
system. A series of vacuum pumps provide a continuous vacuum to three valve
manifolds. A total of 16 valves control a varying number of cotidal stations
arranged such that sampling times are never more than 1/2 hr (prototype) from
the desired slack-water sampling time. In each case, the sample is pulled at
the same time relative to slack water. The sampling station consists of a
sampling probe built from a number of separate copper tubes soldered together
to form a multidepth probe. These copper tubes are attached to short lengths
of plastic tubing that lead to individual 10-ml test tubes. Vacuum is pro-
vided to the tubes by a vacuum/overflow jar that provides an even vacuum to
all lines. This system has proven effective in taking a very large number of
samples. The filled test tubes are removed manually from the sampling device

between sampling times and placed in special racks for later analysis.

Salinity Testing System

37. Beckman RA-5 solumeters are the primary instruments for making con-
ductivity measurements at the model (Figure 13). These meters use a salinity

probe shaped like an cycdropper into which a sample is drawn and the salinity
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Figure 13. Beckman solumeter

Figure 14. Salinity data logger




is read from an analog meter. Analog meters provide much opportunity for
error in reading and transcription, and eve  the most experienced operators
are unable to be more accurate than o percent of tull scale, which 15 0.8 ppt.
The solumeters provide a voltage output of 0 to 100 mv which 15 proportional
to 0 to 100 percent of tull scale. This voltage is used to drive a digital
voltmeter that measures to within #0.1 mv giving a resolution ot 0.1 percent
of full scale or 0.04 ppt. In calihrating the meters, 1t was found that o
given salinity standard could be repeated to within approximately 0.3 percent
or 0.12 ppt. This is in an ideal situation where temperatures, couductivity,
and probe residence time are carefuily controlled. Gther tests performed ou
the meters indicate that most samples can be relied upon to within approxi-
mitely 0.5 ppt. There are some cases where operator error or electronic prob-
lems can cause lavger deviations, but these are detectable and can be iso-
lated trom the data set or corrected.

38. The duta logging svstem (Figure 14) used tor this study enters the
values, converted by the digital voltmeters, on cassette tape in ASCID code
where it can he processed by the TI 980 minicomputer tor storage. With each
sample value, pertinent information such as depth, time, tide, aud station
name is added to the record. This can ait ve accomplished with o minimum ef-
fort on the part of the meter operator. Direct entry of values on cvassette
tape precludes the need for keypunching and the possibility of misinterpreta-

tion with each transter to a difterent medium.
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PART 111: STEADY-STATL TIDE AND VELOCITY TLSTS

Test Conditions

39. The purpose of the steady-state tests in the Norfolk Harbor study
was to examine the impact of channel deepening on tidal elevations and current
velocities in the lower Chesapeake Bay and James River regions. The data col-
lected from these hydraulic model tests were to be used in numerical hydro-
dynamic models at WES under a separate agreement with the U. S. Army Engineer
District, Norfolk, to study sediment transport and shoaling characteristics of
the dredged Norfolk shipping channels ana adjacent estuary hed areas. The
proposed improvements to Norfolk Harbor and its approach channels are de-
scribed in PART 1 and are shown in Figure 2.

40. The term "steady state” indicates that the bLydraulic model was op-
erated under conditions ot constant river inflow and a repetitive cosine tade
at the model ocean. The testing scheme consisted of a base condition in which
the model bathymetry simulated present prototype conditions with the Norfolk
channels molded to depths reported from a U. S. Army Corps of Engineers hvdro-
graphic survey in 1980, and a plan condition in which the channels were
deepened to their proposed project depths plus 3 ft for overdepth dredging.
The tide, velocity,™ and direction testing tor both base and plan conditions

was performed under the following four test scenarios:

Test 1: The model was operated under o repetitive vcosine tide vary-
ing from +2.40 to -2.40 ft NGVD™@ at the Atlantic Jcean
control station. This approximates g spring tide condition
in Chesapeake Bay. The total bay freshwater river inflow

was a constant 200,000 cfs which represents a relatively
high flooding condition.

Test 2: The total bay discharge remained at 200,000 cfs; however,
the repetitive cosine tide varied from +1.50 to -1.50 ft
NGVD which approximates a neap tide condition.

Test 3: The total bay discharge was 70,000 cfs which simulates the
long-term average tlow into the Chesapeake Bay from all of

Velocity can be rigorously defined as a vector quantity containing speed
and direction. It is, however, commonly used as a scalar quantaity describ-
ing current speed in either a flood or ebb direction. Hereafter, velocity
will be used as a description of current speed unless otherwise noted.

%% All elevations cited herein are in feet referred to the National Geodetic
Vertical Datum (NGVD), though on some tigures and plates "t msi” is used.

<b




ils Lribultaries. The approaimate spring tide varying fivin
+2.40 to -2.40 ft was generated at the ocean.

Test 4: The total bay discharge remained at 70,000 cts and the ap-
proximate neap tide varying trom +1.50 to -1.50 ft was
generated at the ocean.

41.  Steady-state discharges tor each ot the 23 model river 1ntlows are
summarized in Table 2. [n addition to the river 1ntlows, tive sewage treat-
ment plants and the Surry Nuclear Power Plaut cooling water diversion were
operated throughout the four steady-state tests.  Locations of the sewage
treatment plants and the Surry plant are shown in Figure 5 with their coordi-
nates and steady-state discharge rates given 1n Table 1.

420 During both the steady-state and dvoamic tests, tides were gener-
ated only ot the Atlantic Ocean boundarv.  The model 1s capable ot penerating
tides at the Delaware Bay end of the CA&D Canal but this was oot done during
the Nortolk study.  The Delaware Bay tide source 1s sutticiently distant trvom
the study area to make ts snclusion insignirticant and certainly not cost-
ettective.

43, The source salinity for the entirve model study was 32,5 ppt. Con-
trol ot the source salimity duting the steadyv-state tests was considered good
with any minor varirations being incapable of causing any observable base
versus plan ditterences in tides or velocities. A complete documentation of

all wodel boundary conditions during these tests 1s avatrlable (Waltz and

Morton 1982).

Tide Test Data and Results

G4, During steady-state testang, model tide observations were made at
the 16 stations shown 1n Figure 15 and at one in the ocean. The 17 stations
are listed 10 Table 3. Tide elevations were recorded hourly (every 36 sec
real-time) over two tide cycles or 24.84 prototype equivalent hours. These

tide measurements were made both manually using graduated point gages attached
to portable tripod supports and automatically using electronic water-level
detectors. Data from the water-level detectors were stored on flexible
diskettes via the model control computer.

45. Tide station locations were determined by the requirements ot the
numerical hydrodynamic models to be used in the sediment transport studies at

WES. Major boundarics of the two numerical hydrodynamic models were at range
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CBOO ovu the east, CBO1 on the north, range JGO1 at the mouth of the James
River, and range JGO3 at the upstream boundary on the James. To adequately
describe cross-sectional water-surface slopes, three tide stations were lo-
cated across range CBOO at the mouth of Chesapeake Bay, and three stations
were positioned across range CBOl. Since the James River boundary ranges had
relatively short widths, their cross-sectional water-surface slopes were es-
sentially horizontal in the model and could be described by a single tide
station.

46. During the base and plan steady-state tests, over 3,400 discrete
hourly tide elevation data points were collected from the 17 manual sampling
stations. The data set is complete with the exception of sta TS0005 which is
missing from base tests 2 and 3. From each station for each test, 25 con-
secutive hourly tide elevations constituting two complete tidal cycles were

fitted to the following expression:

where
h(t) = tide height, ft
t = time, hr
A0 = mean water fevel, ft, of hourly tides

a = amplitude, ft
w = M2 constituent angular velocity, 23.984104 deg/hr
0 = phase angle or epoch, deg, from zero lunar hour

47. Resulting cosine-fitted curves for the observed tides are shown in
Plates 1-17, and the computed mean water level (Ao)’ amplitude (a), and phase
angle (B8) are listed in Tables 4A-4D along with base to plan comparisons. The
value, R¥2 | shown in Plates 1-112 is a statistic that measures the goodness
of fit of the cosine curve through the individual data points with a value of
1.0 being an exact fit.

48. Manual point gages are graduated to 0.001 ft (0.1 ft prototype
equivalent) and can be estimated to the ncarest 0.0005 ft (0.05 ft prototype).
Thus it is reasonable to assume that the accuracy of the manual point gages
for a single tide measurement is *0.10 ft (prototype) depending upon a number
of variables including the keenness of the technician's eye, the delicacy of
his or her touch in lowering the point gage to the water surface, and the pres-

cacce or absence of small water-surface ripples at the instant of measurement.
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Accuracy ot the computed mean water level aand taidal amplitude 10 theretfore

also assumed to be 20.10 tt (prototype).

49, "Zero-lunar-hour”™ 1s the time retference used to ensure that mea-
surements made 10 the model can be compared with those taken in the prototype.
Zero-lunar-hour occurs when the moon is directly over Chesapeake Bay. For the
model reverification tests conducted in 1981, the model clock 1n the ocean
tide control hut was set so that zero-lunar-hour occurred at hour 6.6 (191 deg
epoch).  This same clock setting was also used tor both base and plan tests of
the Nortolk Harbor study. The procedure tor setting the model clock was some-
what subjective. A technician would take a succession of readings at the
ocean point gage, the time between readings normally being between 6 and
10 sec treal-time). Upon noticing that the peak ot the tidal wave had oc-
curred, the technician would then note the time on the model clock and adjust

1t to hour 6.6 1t necessary. The time lag from the instant of actual tidal

peak occurrence to the instant that the technician perceives this peak could
be as great as 17 sec (14 deg epoch). In general, no adjustments were made to
the clock unless high-water occurrence varied by 0.5 hr or more trom the de-
stred hour 6.6,

50. Technicians are cued by a bell timing system which rings for a dura-
tion of 10 sec at the start ot each prototype hour, and they are instructed to
make their tide measurements as near as possible to the beginning of the bell.
It 15 believed that discrepancies in time of measurement could cause as much
as an 8-deg error 1n epoch when considering a discrete tide observation.

Hence it 1s reasonable to assume that the raw model phase angles are accurate

to within *22 deg.

51. Plan-minus-base amplitude differences for the four tests are summa-
rized in Table 5. Very little change in amplitude was noticed between base
and plan tests. From the differences listed in Table 5, one may be able to

deduce trends indicating a slight increase 1n amplitude for the plan condition
during Test 1, slight decreases in plan amplitudes during Tests 2 and 3, and
essentially no change during Test 4. However, the largest change in amplitude
measured in the model was -0.08 ft at sta CBOOOB during Test 3. This is
within the accuracy limitations of the model!; thus any difterences listed in
Table 5 are considered due to random measurement error inherent in the model
and not a result of channel deepening.

52. Plan-minus-base mean water-level differences for all four tests are
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summarized in Tabie 6. Computed mean water-level differences f1om the manual
point gages were nearly uninterpretable due to two problems that existed in
the model during testing:

a. The portable tripods on which the manual point gages were
mounted were not stable enough for the degree of accuracy re-
quired to interpret base-to-plan mean water-level changes. The
procedure for referencing these point gages to a datum involved
lowering the point of the gage to a submerged fixed pin whose
elevation was known. However, the pressure exerted in touching
the point to the pin was apparently great enough in many cases
to cause the entire tripod to tilt by as much as 0.30 ft (protc-
type). This may account for the anomalous values in Table 6.

In the ocean tide hut, the model is controlled by a bubble tube
positioner (BTP) and a fixed-point gage housed inside a baffle
pit. The main purpose of the baffle pit was to prevent surface
waves from interfering with the tide sensing equipment. Prior
to the start of the Norfolk Harbor study, this baffle pit was
reconstructed using solid barriers to prevent the thin fresh-
water lens, which accumulates in the ocean as a result of river
inflows, from being sensed by the BTP. This baffle pit, there-
fore, prevented the horizontal exchange of ocean water on the
outside with essentially stagnant water on the inside. Near
the completion of the plan test, an experiment was performed in
which it was discovered that the water inside the baffle pit
was 4.5 ppt less saline than an equivalent column of ocean
water on the outside.

o

53. The model computer controlled the level in the model so that the
mean water level at the ocean station within the baffle pit was 0.00 ft. How-
ever, the laws of fluid statics state that existence of a 4.5-ppt density dif-
ference will cause the plane of the model outside the baffle pit to be 0.14 ft
less than the plane within the baffle pit. The only fixed-point .age other
than the ocean station that was monitored during the Norfolk Harbor tests was
sta 3 at 0ld Point Comfort on the James River. It is evident in Table 6 that
the plan-minus-base mean water-level difference is -0.14 ft at sta 3 just as
the aforementioned experiment concluded. No data are available from the base
tests to confirm whether a density difference was present in the ocean baffle
pit; however, based on the data from sta 3, it is assumed that no such differ-
ence existed at that time. Therefore it is reasonable to treat this as a sys-
tematic error and apply an approximate additive correction of +0.14 ft to all
base-to-plan mean water-level differences (see adjusted mean water-level dif-
ferences in Table 6).

54. Although the unstable tripods have created an error which cannot be

filtered out of thc mean water-level data, it is interesting to note that the
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overall daverage of adjusied mean water-level didllerences 1o Table 6 was §.00 1t
for Test 1, +0.06 tt tor Test 2, +0.01 ft tor Test 3, and -0.05 tt tor Test 4.
The overall mean of all tour tests combined showed a diffterence of 0.00 ft.
Based on these averages, a general inference can be made that on the whole,
channel deepening caused no changes in mean water levels in this model study.
55. All phase angles listed in Tables 4A-4D have been normalized to a
standard ocean station phase of 191 deg and are summarized in Table 7 along
with plan-minus-base differences. By normalizing all phase angles to the
ocean station, the error in model control of the occurrence of high water at
hour 6.6 has been filtered out of all measurements. Any remaining basc~to-
plan discrepancies in phase can now be attributed either to the time-of-
measurement random sampling error, or to the effects of channel deepening, or
a combination of both. Plan-minus-base differences in Table 7 are all within
the *18 deg time-of-measurement error hand. Thus the model evidence indicates
that all phase differences are due to random sampling errors rather than the

result of deepening Norfolk Harbor and its approach channels.

Velocity Tests

56. Current velocities in the Chesapeake Bay model are largely the re-
sult of three factors: tides, freshwater discharges, and salinity density gra-
dients. Of these, the most important factor affecting current velocities is
the amplitude of the tide which varies throughout the model depending on the
local bathymetry. Freshwater discharge plays a variable role depending upon
its magnitude and the estuary cross-sectional geometry, the most significant
effect being in the upper reaches of tributaries. Existence of a salinity den-
sity gradient causes a multilayer flow system to be formed in which the denser
bottom water tends to move predominantly in the flood direction (upstream;
while the fresher surface layer flows mainly in the ebb direction (downstream).

57. Model velocities were measured at 32 sampling stations during the
four steady-state tests. Velocity observations were collected concurrently
with the tide elevations discussed in the previous section. In addition, cur-
rent direction data were collected at 26 of the velocity sampling stations.

Six stations (EH 0203, 0501, 0701, 0901, EE 0301, and WB 0201) were located in
constricted channel areas where direction measurements were unnecessary.
Locations of the velocity stations are shown in Figure 16 and are listed in

Table 8.
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58. Station locations were determined primarily by bouudary reguire-
ments of the numerical hydrodynamic and sediment transport models at WES.
Velocities were sumpled across ranges CB00, CRO1, JGO1, and JGO3 which defined
transverse boundaries in the mathematical models. Additional samples were
taken in the Norfolk approach channels and in the Elizabeth River and its
tributaries. Depending upon total station depth, velocities and directions
were generally sampled at the surtace, middle, and bottom. At stations lo-
cated within the Norfolk approach channels, velocities were collected at coin-
cident depths for both base and -‘lan channel configurations with an additional

deeper bottom depth sampled during the plan test (Figure 17).
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Figure 17. Typical velocity sampling scheme

59. The testing equipment included miniature Price-type velocity meters
and a small direction vane, both of which are discussed in PART 1. Velocity

magnitude and dircction mcasurcments were recorded every hour (36 sec
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teai-timed for teo tide cvioles at cach sampling Jdepth.  Lavh velooity motor
had a unigue calaibration equation which related the current velocity (proto-
type tps) to the number ot revolutions traveled by the meter cups 1n g 10-se¢
tnterval treal-time).  Each meter also had a so-called "threshold-ot-metion”
detined as a critical velocity tess than which the meter would cease to turn.
At velocities less than critical, the momentum ot the moving water was not
great enough to overcome the itnertial and frictional torces ot the meter. The
threshold-ot-motion varied tfrom meter to meter and was generally 0.30 fps
(prototyvpe equivalent) or less.

o0, Uncertarnty in model velocity measurements results from errors
talling into the following three classes:

4. Boundary condition errors--These are caused by variations n
source salinity, tide control, river discharge control, and
local pevturbations in the tlow field.

b, Instrument errors--These result tfrom impertfections in the manu-
tacture and calibration of the velocity meters. As an example,
the mechanical cups of a meter may not be centered symmetrically
about its axis causing an 1rreguiar rotation even though the
actual current may be steady and unitorm.

C. Personal errors--These errors stem from Limitations of the

human senses of sighit, touch, and hearing, all of which are
used during velocity testing.

Three of the bouandary condition vrrors {(source salinity, tide control, and
river Jdischarge) were maimntained within acceptable imts throughout the
steadv-state testing: and the recorded variotions will have a negligible eof-
tect on ~reliability of current velocities., Local perturbations in the
tlow tield are random natural errvors and tend to cancel out with a large auam-
her ot observations.  loastrument errors were minimized by screening all avail-
able velocity meters in the initial calibration process and choosing for test-
ing purposes only those exhibiting the highest quality. The calibration ot
ecach meter was checked at least once ¢ ‘s in the laboratory flume. The cali-
bration equations are accurate to withi'. approximately 20.15 fps based on

95 percent confidence interval with 47 deerecs of freedom. The most signiti-
cant personal error introduced into the veloc’ty measurements was in ostimat-
ing the tractions of a revolution that a meter turns. This can be reasonably
estimated to the nearest 0.2 revolutions or about 20.15 fps. Thus, consider-
ing all the sources of possible error, the accuracy of a discrete model veloc-

ity measurement is appreoximately (.30 fps (protetype equivalent).




vi. The frontal dimension of one velocity meter cup 1s O.04 fU (actluai)
in diameter and has an area of 0.001265 sq tt.  Due to the distorted scale of
the model, this corresponds to an equivalent prototvpe area ot 126.5 sq ft an
the shape ot an ellipse having a semimajor horizontal axis ot 200 tt and a
semiminor vertical axis of 2 ft. Because of this scale eftect, velocities
measured in the model cannot be interpreted as equivalent prototype point
velocities; tnstead, they correspond to prototype velocities averaged over the

ared of the equivalent ellipse.
Velocity Data Analysis

62. Over 32,000 discrete velocity and direction measurements were re-
corded during the base and plan tests. At each sampling depth, 25 consecutive
hourly velocity observations constituting two tidal cyeles were fitted to the
tollowing equation using a harmonic least syuares curve fitting technique.

2wt 2ne
v(t) = Uo + u cos (ﬁébA - 366)
where
v(t) = current velocity, fps
t = time, hr
U = mean velocity, fps of the hourly observations
u = amplitude, fps
w = M constituent angular velocity, 28.4984104 deg/hr
8 = phase angle, deg
The confidence of the computed velocity constants (phase (9), amplitude (u),
and mean (Uo)) is generally greater than that of a discrete measurement since

411 25 hourly obsrrvations are used in the analvsis. The velocity constants

are relatively insensitive to a few cutliers.

63. Individual velocity observations and cosine-fitted curves for both
the base and plan conditions are shown in Plates 18~112. Velocity constants

are listed in Tables 9A-9D., Plan-minus-base differences in the velocity con-
stants for the four ste:dy-state tests and summary statistics are given 1n
Tables 10A-10D.

64. The inertial and frictional forces inherent in the velocity meters

introdute relatively large instrument crrors at leow current velecities;
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however, as the current speed increases these instrument errors decreasc.

Thus a higher degree of confidence can be placed in the discrete maximum flood
and maximum ebb velocities measured in the model such that plan-to-base com-
parisons are meaningful. Fach set of 25 hourly velocities contained two maxi-
mum flood and two maximum ebb velocity measurements. These two maximums were
averaged and are listed in Tables 11A-11D under the ''MODEL DATA" heading.
Also, maximum flood and ebb velocities computed from the harmonic Fourier

analysis are given in Tables 11A-11D under the '"HARMONIC ANALYSIS" heading.

Plan-minus-base maximum flood and ebb differences and summary statistics are
given in Tables 12A-12F. Plates 113-144 show the maximum flood and ebb ve-
locity profiles for both the base and plan tests.

65. The concept of flow predominance is useful in analyzing the effects
of density-induced currents on velocities. Consider the conventional velocity
versus time plot in Figure 18. The shaded area under the ebb portion of the
curve is divided by the sum of the areas under the ebb curve and flood curve.
The result is called the flow predominance and is defined as the percent of
the toral flow per tide cycle that is moving in the ebb direction at a given
velocity sampling depth. In a partly mixed estuary such as Chesapeake Bay,
the bottom flow predominance will be mainly in the flood direction within the

salinity wedge, and the surface flow predominance will be in the ebb
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direction. The tiow predominance percentages tor the four steady-state tests
along with plan-minus-base difterences and summary statistics are listed in

Tables 13A-13B.

Velocity Test Results

Plan-to-base velocity phase comparisons

66b. Current velocity phase is the time (in degrees) of maximum f{lood
velocity referenced to zero-iunar-hour. A complete tidal cycle in the model
1s 12.4206 model hours (360 deg) in length. The confidence of velocity
phasing is approximately +20 deg. Frequency-oft-occurrence statistics of plan-
minus-base phase differences are provided i1n Table 10B. Nearly 30 percent of
the plan and base values were within 5 deg of one another, 67 percent were
within 10 deg, nearly 87 percent were within 15 deg, and nearly 97 percent
were within the 20-dep onfidence band. Table 10A shows that during Tesi 1
the plan phase occurs 64 deg prior to the base phase at sta JGO103 at depth
B3 ft. A velocity meter problem was evident during the base test and this
prhase value should not be considered. Also, at sta EH0901 and depth 35 ft
during Test 2 and ot sta EEO301 and depth 21 ft during Test 4 the velocities
were so jow that threshold-ot-motion problems were experienced resulting in
anomalous phasing nly 10 (2.9 percent) phase discrepuncies tall outside the
20-deg contidence band with all but one occurring in the Elizabeth River at
sta FHOZO02, EHO203, wnd EHOSO01. It appears that the deepened Elizabeth River
channel with its larger cross-sectional area reduced velocities sufficiently
to cause the velocity meters Lo occasivnally operate within their threshold-
of -motion ranges resulting 1n the anomalous data. Thus any phase differences
outside the *20 deg contidence band should be viewed with reservation.

67. The conclusion is that channel deepening has caused only minimal
phasing differences between basc and plan tests. The only sampling depth at
which a phase difference trend seemed evident was at sta LHO501, depth 39 ft,
which is at the confluence of the Fastern and Southern Branches of the Eliza-
beth River. Here the plan phase consistently arrived earlier than the base
phase.

Plan-to-base velocity
amplitude comparisons

68,  Cutrent velovity amplitudes are defined as onc-half of the range
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beltween tie maximum tlood and maximm ebb velocities trom the cosine L Carve.
All 25 hourly velocity observations are taken into account in the amplitude

computations, so greater contidence can be placed in the amplitude values than

in a discrete velocity observation. Frequency-of-occurrence statistics ot
plan-minus-base amplitude ditferences are given 1n Table 10C.  Over 27 percent

of the base and plan velocity amplitudes were within 0,10 fps ot one another,
over 52 percent were within 0.20 fps, over 73 perceat were within 0.30 fps,
and about 84 percent were within 0.40 tps.  There was an overall trend toward
decreased amplitudes in the plan test. 0Ot the 347 amplitude difference values,
97 (28 percent) were greater than 0.00 tps while 250 (72 percent) were less
than 0.00 tps. The overall mean of the amplitude difterences indicated o
0.13-fps decrease in the plan test. This decrease in velocity amplitude n
the plan test meets the expectancy associagted with deepened channels and the
resulting larger cross-sectional areas.

69 . Anomalous amplitude values are evident at sta CBOOOR and sta JG0103,
depths b6 and B3 ft, respectively, during base Test 1 and should not be con-
sidered due to meter rastrument errors.  The largest plan-to-base decreases 1n
amplitude are between .80 and 1.00 ftps and occur during Test 1 (200,000-c¢ts
discharge with spring tides) at sta JGOT02, EH0202, and EH0203. The largest
plan-te-base increases in amplitude are 0.56 fps at sta CRO006, depth 4 tt,
during Test 1 and 0.51 fps at sta YSO0001, depth 25 ft, during Test 2.

70. By inspection ot Tables 10A, 10B, and 10C, trends can be seen 1n
the amplitude changes due to channel deepening without regard to a specitac
freshwater discharge or tide range. On the average, the stations on range
CBUO show plan-to-base decreases in amplitude with the exception of CRO004 and
CBOOOL which show slight increases. An overall decrease in amplitude in the
plan test is also evident across range CBO1 with the exception of the surtoace
depth at CROIO9.  Sta ACO002 shows an amplitude decrease at the surtace and
middie while the bottom amplitudes remained essentially the same 1n the plan
tests.  Sta YS0001 shows an amplitude decrease at the surtface and averages
essentially no change at the middle and bottom. Sta TS0003 indicates a de-
crease in surface and middle amplitudes and es< ~tially no change at the bot-
tom. Sta TS0005 indicates a decrease al the suriace, no change in the middle,
and an increase at the bottom. Interestingly, the entrance to the James River
at range JGO1 shows plan decreases in amp'itude at the out-of-channel stations

while the Jdeep natural channcl sta JGO103 shows an increase in amplitude at
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the three lower Jdopths. Oppavently, the decponed Nt b channels have Cgnoeld
4 redistribution of the tlow pattern st the moath of the James. The other two

James vanges, JNO2 and JGG3, show slight decreases 1n amplitude essentially
across both ranges. The stations in the Elizabeth River and its tributaries
all show decreases 1n plan amplitudes except the bottom depths gt sta EHOS01
and EHOY901 whach 1ndicate essentially no change from base to plan.
Plan-to-base mean velocity comparisons
71.  The mean current velocity is simply the wmean ot the 25 hourly
velocity measurements at a given sampling depth. The mean velocity gives an
tndication of flow predominance, positive being tlood predominance and negative
being ebb predominance. The frequency-of-occurrence statistics ot plan-minus-
base mean velocity differences are listed i1n Table 10D. More than 00 percent
of the base and plan mean velocities were within 0.10 tps of one another, over
86 percent were within 0.20 tps, nearly 95 percent were within 0.30 fps, and
over 97 percent were within 0.40 tps. The mean of these ditterences for each
of the four steady-state tests was close to 0.00 fps as was the overall mean
ot the entire data set. This indicates that channel deepening had Tittle am-
pact on the mean current velocities when the entire data set is considered.
72. The average overall plan-minus-base mean velocrty datferences at

each sampling depth for the four tests are given 1n Table 10D, Inspectien of
Table 10A shows that sampling points at which the mean velocity 1ncreased
with channel deepening during all four tests are:

CBO0OOY Depth 4 ft

TS0003 Depths 4 and 46 ft

JG0103 Depths 22 and 66 ft

JN0O204 Depth 48 ft

EHO701 Depth 4 ft
Sampling points showing a decrease in plan mean velocity for all four tests
are:

CBO0O04 Depth 4 ft

TS0005 Depth 50 ft

EH0202 Depth 46 ft
All other stations show either essentially no change from base-to-plau condi-

tions or an increase during one test and a decrease in another.




Plan-to-base maximum flood

73. Since the maximum flood and ebb velocities are normally well out-
side the threshold-of-motion range, a high degree of confidence can be placed
on these measurements making plan-to-base comparisons meaningful. The plan-
minus-base maximum flood and ebb velocity differences are presented in two
forms: (a) the differences using discrete model measurements are given in
Table 12A, and (b) the differences using the peaks of the harmonic cosine-fit
curve are given in Table 12B. Anomalous data at sta CB0O08, all depths, and
JG0103, depth 83 ft, during Test 1 were not considered in the analvses.

74. From the frequency-of-occurrence statistics in Tables 12C-12F, the
following summary of the overall data set shows the percent occurrence within

certain intervals:

Maximum Flood Maximum Ebb

percent percent

Cosine- Cosine-
Model Fit Model Fit

oo Interval ~ ~~ Data  Data = Data = Data _
Plan and base within 0.10 fps 27.9 29.9 21.3 22.3
Plan and base within 0.20 fps 51.5 55.2 42.9 46.3
Plan and base within 0.30 fps 69.3 72.7 61.7 62.3
Plan and base within 0.40 fps 81.9 84.4 73.8 76.6

When considering overall averages from the four tests, the prevailing trend
indicates that the maximum flood and ebb velocities decrease by approximately
0.10 fps after channel deepening. The largest average change was during

Test & (70,000-cfs discharge with neap tide range) where plan maximum flood

and ebb velocities decreased about 0.20 fps. The overall maximum flood and

ebb velocity magnitudes were reduced slightly because of the increase in cross-
sectional area associated with the deeper plan channels.

75. Plates 113-144 show two sets of maximum flood and ebb velocity pro-
files for each steady-state test at each station. One set is labeled "model
data" and represents the actual maximum flood and ebb velocities measured in
the model. The other set is labeled "harmonic data" and represents the maxi-
mum flood and ebb velocities taken from the harmonic cosine-fit curve result-

ing from the harmonic analysis of the 25 hourly velocity observations. Most

often the model and harmonic profiles are in agreement. However, there are




times when the
the model data
in Plate 127).
shows slightly

(e.g., see the

harmonic profile shows better plan-te-base agreement than does

profile (e.g., see the ebb protile for sta TS0005 during Test 2
Likewise, there are occasions when the model data profile

better plan-to-base agreement than does the harmonic profile

ebb profile for sta CBO0O0O8 during Test 2 in Plate 117). Both

sets of velocity profiles were given equal weight and were used as references

to formulate the following specific comments:

a.

b.

Ko

The maximum flood and ebb velocities at range CBOO for both
base and plan conditions were essentially the same with the ex-
ception of sta CB0002 which shows lower ebb velocities during
the plan Tests 1 and 2 (200,000~cfs discharge), sta CBO0O4
which showed increased flood and ebb during Test 2 and sta
CB0008 which showed reduced flood and ebb during Test 4. De-
creases in plan maximum velocities can be seen at sta CB000Y.

Across range CBOl, the overall trend was for maximum flood and
ebb velocities to decrease slightly along the western half of
the range and remain essentially the same along the eastern
half during the plan test.

At sta AC0002, the effects of the new Atlantic Ocean channel
can be clearly seen in Plate 125. The deepened channel with
its larger cross-sectional area causes a decrease in plan
velocities at the surface and middle depths.

At sta TS0003, the plan maximum ebb velocities tend to decrease
at the surface while the flood velocities show little change
except during Tests 1 and 4 where there is a decrease of about
0.40 tps at the surtface and middle depths. At TS0005, the max-
imum velocity profiles are essentially the same from base-to-
plan conditions except for the middle depth during Test 4 which
becomes more tlood predominant.

At the mouth of the James River, sta JG0101 and JG0102 both in-
dicate a general decrease in maximum velocities of about 0.20
to 1.00 fps. Sta JGO103 (Plate 131) contains anomalous data at
depth 83 ft during base Test 1; however, there is an indication
of increased velocities at bottom depths during the spring tide
range (Tests 1 and 3) while the entire velocity profile remains
unchanged during neap tides (Tests 2 and 4).

At JN0204, which is stationed within the deepened Norfolk
Harbor Channel, a decrease of about 0.40 fps occurs generally
throughout the entire velocity profile during Test 3 while an
increase of about 0.50 fps in surface ebb is apparent during
Test 1 with a lower increase for Test 2.

Sta JG0302 is interesting because a 0.20- to 1.00-fps decrease
is evident throughout the plan flood and ebb velocity profiles
during Tests 3 and 4 (70,000-cfs discharge). However, there is
an increase of ahout 0.35 fps throughout the entire flood and

ebbrprofile during Test 1. Test 2 shows essentially no change.




h. Sta EHO20Z is another good example showing how chatinel deepen-
ing causes a decrease in velocities within the channel (the
base velocities during Test 2, however, appear to be within the
threshold-of-motion range of the velocity meter and should not
be considered). All velocity stations within the deepened
Elizabeth River channel show a general decrease in maximum
flood and ebb velocities of 0.10 to 0.40 fps throughout the
vertical profile.

Plan-to-base flow
predominance comparisons

76. Flow predominance values are given in percent of flow in the ebb
direction in Table 13A. Frequency-of-occurrence statistics for plan-minus-
base flow predominance differences are given in Table 13B. Overall, about
66 percent of the differences were within 5 percent, over 83 percent were
within 10 percent, about 92 percent were within 15 percent, and nearly 97 per-
cent were within 20 percent. The overall mean difference was -0.57 percent.
Tests 1 and 2 with the high 200,000-cfs discharge show slightly overall in-
creased ebb predominance during the plan conditions while Tests 3 and 4 with
the lower 70,000-cfs discharge indicate that channel deepening will decrease
ebb predominance slightly. 1Tt should be meantioned, however, that the sampling
stations represent a finite number of points and do not portray the entire
cross section. Other stations across the section, if they were sampled, might
have refuted these observations.

77. A more general conception of flow conditions in the James River and
Elizabeth River is shown in Figures 19 and 20 where surface and bottom flow
predominance profiies have been plotted along the estuary channels. Plan-
versus-base changes are subtle in the James River, normally not varying by
more than 5 or 10 percent; however, consistent trends are evident. Plan-
versus-base variations in the flow predominance profile are more apparent in
the Elizabeth River. However, it must be remembered that velocity meters were
operating near the threshold-of-motion range, so less confidence can be placed
in the Elizabeth River measurements. Again, consistent trends are evident.

78. Saltwater intrusion is important to estuary sedimentation because
saline water causes flocculation of suspended clay particles and density cur-~
rents tend to move sediments upstream along the bottom. Thus sediments enter-
ing the estuary may become trapped instead of moving back out to sea. Fre-

quently, the heaviest shoaling occurs between the high-water and low-water
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positions of the upstream limit of salinity intrusicn. Although shoaling de-
pends largely on the ability of bottom currents to move bed materials upstream,
the most likely region in thich the heaviest shoaling will occur is the reach
bracketing the 50 percent value (or null point) on the bottom flow predominance
profile (Schultz and Simmons 1957). In both the James and Eli1zabeth Rivers,
the location of this null point remains basically the same from base-to-plan
conditions. Hence, channel deepening should not change the present locations
of the heaviest shoaling in the James and Elizabeth Rivers. On the other hand,
there are several isolated instances where the plan condition reversed the di-
rection of bottom flow predominance. This should indicate a significant

change in local shoaling during those particular flow and tide conditions.
However, this model study cannot directly predict whether the magnitude of
shoaling will change with channel deepening. 1t is important to understand
that the locations of these heavy shealing areas cannot be pinpointed exactly
in the model and are only "best guess"” interpretations ot model velocity mea-
surements. In order to determine shoaling locations more accurately, a more
dense velocity sampling network would be necessary.  The velocity sampling
scheme used 10 this study was primarily determined by the requirements of the
numerical hydrodynamic models that will pevform a much more rvigorous sedimenta-

tion and shoaling analysis than was presented herein.

Tide and Velocity Summary

79. Any changes in tide elevations, amplitudes, and phasing due to chan-
nel deepening were sufficiently small that they remained undetectable with the
measurement techniques used at the hydraulic model.

80. Several subtle velocity variations in the model tests were ap-
parently due to channel deepening. An overall average decrease in velocity
amplitude of about 0.13 fps was observed in the plan test. This decreasce is
consistent with the principle of continuity which states that for a given flow
rate the velocity will vary inversely with the cross-sectional area. Simi-
larly, the maximun flood and ebb velocities tend to decrease by approximately
0.10 tps on the average during the plar test. During the high discharge tests,
the overall ebb predominance increased slightly. During the 70,000-cfs dis-
charge tests, which represent the long-term average annual flow into Chesa-

peake Bay, the overall ebb predominance decreased slightly. But it must be




tewembered Lhat moce than vne-thitd of the veloudity stations in this study
were located in the channels, so they would teel the 1mpact of salinity intru-
siton more than the shallov-water stations and would also tend to bias the over-
all flow predominance mean differeaces reterred to 1n Table 13B. Hence, no
firm conclusions concerning salinity intrusion into the estuary can be made
from the velocity data. Deepening the Norfolk channels should not affect the
present location ot heaviest shoaling in the James and Elizabeth channels,

based on the limited number of sampling stations used in this study.
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PART 1V:  DYNAMIC SALINITY TEETING

Test Conditions

81. Dynamic salinity testing for the Norfolk Harbor study was designed
so that model response to base and plan geometries could be simulated for a
range of naturally occurring prototype conditions. The salinity structure ot
the prototype, particularly in the lower bay and James River area, is sensi-
tive to a number of boundary conditions that can be simulated 1o the model.
The two most important conditions are the highly variable nature of treshwate.
input and the cvelical neap-to-spring variations in the tides.

B2. The etfect of freshwater input on partially mixed estuaries is well
documented in the literature. Simply stated, it has been shown 1n numerous
estuaries that increasing freshwater input upstream tends to stratity the
estuary given constant tidal conditions, while decreasing 1tnflows provides s
homogenizing effect. It the degree of stratitication 1s not altered dracti-
cally, an increase 1in treshwater inflow reduces the upstream extent of salt-
water antrusion and vice versa.  Tidal intluence on salinity structure has
also been studied 1n the past but generally in a steadv-state tashion by ob-
serving different constant amplitude tides that tyvpity maximum and minimun
variations in the tidal record.

83. However, the prototype tide record in Chesapeake Bav, as well as it
other estuaries, does not coasist of a4 series of constant amplitude tides.
Tides in the Chesapeake show strong neap and spring variations as well as
smaller semidiurnal differences in tide heights. The effect of this tidy!
variability on salinity structure was thought to be important tor some tinme
but there has been very little substantiation in the litervature. The most
notable prototype studies to date discussing this phenomenon are {rom Haas
(1977) and Allen et al. (1980).

84. Haas' study area was the lower York and Rappahannock Rivers 1in
Virginia where he found strong correlations between salinity strataification
and the neap-spring tide cycle. Allen's studies were primavily confined to
macrotidal estuaries in France, but his observations do support the importance

of the neap-spring tide cycle on salinity structure.

85. There have been model studies that have confirmed the importance ol
the neap-spring cycle on salinity. Physical model studres by Richards and
48




Gulbrandsen (1982} and Granat and Gulbrandsen (1982) document the existonce of
structural salinity changes at various stations throughout Chesapeake Bay.
These changes seem to be strongest in the lower bay and James River areas.

86. Ample evidence exists, theretore, to suggest that dynamic tidal and
freshwater inputls Jare necessary to approximate prototype responses to base and
plan geometries in the Nortfolk Harbor areas. The Nortfolk Harbor study simu-
lated variable prototype conditions by using a 2-1/2-vear weekly stepped hydro-
graph and a repetitive 28-lunar-day (50 cvele) variable tide. The source
salinity for the model study for ease of Jduplication in bhoth tests was held
constant at 32.5 ppt which is appropriate for the historical drought hvdro-
graph used. A more detailed discussion of test boundary conditions follows.
Tides

87. Source (ocean) tides used in the Nortolk Harbor study consisted ot
a repetitive, Z8-lunavr-dav, Sb-cvele tide sequence.  The 12 harmonic con=
stituents used to construct the tide were based on coetficients used by NUAA
to predict tides at 0ld Point Comfort, Vivginia. Vnce the desired tide for
Otd Point Comtort had heen determined, (U was necessary to adjust the ampli-

tudes and phases to obtuin values for the ocean source tide generated some

30 miles ottshore.  The vcean tide is based on the equation:

2n .
hit) = A + g vos |t ~(J»> {4
. 1

where

h{(t) = tide height

.~\n = mean water level = -0.20 tt NGUD
a0 constituent amplitude, tt

t = time, hr

Ti = constituent period, hr

®i = constituent phase, rad

The tollowing are the constituent values:

No. Constituent Amplitude, a Period, T Phase, ¢
i M2 1.426 12.4206 2.3457
2 82 0.276 12.0000 2.74975
3 N2 0.318 12.6584 1.9027
4 K1 0.204 23.9344 0.0743

(Continued)
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No.o  Constituent  Amplitude, o Peried, T Phoce, ¢

5 A O.175 25.8144 0.4%¢6)
. t Ve g.061 12.6260 2.0003
f 7 M1 0.007 L4 B332 0.39494
i 8 1 0.014 23,0885 0.135%
i 9 Q! 0.024 26 8683 5.9859
, 10 P 0.058 240659 0.3555
" 11 1.2 0.040 12.1916 2.5059
! 12 K2 0.071 11.9672 2,638

Example tide raunges tor the source tide include 4.8 ft for tide 1, the largest

4 spring tide, and 2.6 ft for tide 48, a4 smaller neap tide.
BE. Figure 21 is a graphic representation of the 56-cvcle tide computed
from the above constituents. It contains the spring and neap tide variations
and the semidiuwrnal inequalities noted in prototype tide records. As in the

prototvpe, the tide 1s propagated up the hav and reaches Reedy Point, Delaware,

4t the Delaware River end of the C&D Canal approximately 1o.16 hr later.

B9. Prior to the start of the test, a hriet lead-in period ot constant
tide amplitude 1s necessary to adjust the ocean tide contrel amplitier.  The
vange ot this lead-1n tide reflects the values of tide 1. Once the tide ampli-

frer had been calibrated for the lead-in tide, the variable tide was started

and along with o constant discharge condition the model was brought to a state

t stable densaity equibibrium. Upon reaching density equilibrium, the test
) hydrograph was started and variable tides were maintained through- gt the test.
0. lhe strict control of boundary and initial conditions i 3 physical

model test is of primacy importance it any degree of confidence (s to be at-
tached to the results. This is especially true for base versns plan testing
where model vesponse should be related entirely to designed base versus plan
changes (e.g., deepened channels) rather than anv {luctuations 1n boundary
conditions.

91. To ensure source tide integrity in botb base and plan tests, the

ocean tide is monitored continuonsly by a WLD that is hard-wired to the com-

]
puter and a strip chart recorder for real-time observation. lun addition,
L manual point gage measurements were taken twice per 56-cycle period on tides ;
and 8 and on tides 35 and 36 to confirm water levels indicated by electronic
E measurements.

| 92. The Delaware Bay source tide was not used in these tests tor

two reasons. First, available prototype data are inadequate to define the

amplitudes and perindg ot the source tide and salinitv under vaviable tidal

Hy




0 .

wh puv Tye

SAV( HYNIT

Ul .H sapl) ,»A.:wvi;_..: APl o alyulava andnos (SR SN2 N

Tl v/dnEy

{ 9 S v € Z

= ol 9< BTy ve vl L tc o 61 8t Lt 91 Gl 12 € Al il 0l 6 8
-44~ﬂ~.ﬂJJJq-da_—ﬂ~_4-d_ﬂud%ﬂ~4--d “—ﬁ-

LI

_lﬂ,—\—lﬂjd Al — LI

N
Julitilitiut

8y
314

SAWCHY NG

i
iy

IV I SHOM

SISATVNY JINOWHYH LNINLILSNODZL WOHA
L 3I2HNOS NV3II0 OIINVILY

1334

51




cerevi b

cenditions an Uhesapeake and Pelavare Bave o Second) previoas testing on the

J : P d 1
model had shown that the hydrodynamics ot the C&D Canal are very scusitave,
particularly to variations 1n mean water-surface elevation, so that even minor
discrepancies in boundary control of water-surtdace elevations have signirficant
impact on canal hydrodynamics and thus on salinities 1n the Upper Bay. Since
boundary control tor the source tide in Delaware Bay was no’ capable of pr.o-
venting small discrepancies 1n water-surtace elevations, 1t was decrded not to
reproduce the source tide tor th se tests so that any changes n Upper Bav
salinities trom the base test to the tuture test would not be erronecvusly af-
tected by possible discrepancies in boundary control.
Freshwater 1ntlow

93. The Norfolk Harbor test hydrograph consisted ot two parts.  Frrst,
there was o lead-1n period (weeks 1-15) ot constant discharge that retlected
an average total bay discharge ot 70,000 cfs. The second period tweeks 16-130)
depircted weekly averaged prototype conditions between 24 Mav 1463 and 17 August
1965. Hvdrograph plots for the total bay discharge along with the tive rivers
closest to the subject area are shown in Plates 145-150.

94. The 15-week constant discharge period was used to chuerve model
stability prior to starting the historical hydrograph and salinity sampling

The ensuing historicai hydrograph was used because 1t was an avaclahle daty

set and had been used largelv on other Chesapeake Bav Model tests. Ax g whels
it reflects a period of relatively low to drought conditions on the bav.  This
should be considered when analyzing the data. The hvdrougraph does, however,

nave suftficiently seasonal variations in discharge to be usetul.
Source salinity

95. Source salinity is detfined as the salinity of supply water as it
enters the headbay at the ocean. This definition was chosen to facilitate san-
pling and control of salinity. During varying freshwater discharges, the mix-
ing of fresh and salt water in the model ocean causes discontinuous and vari-
able salinities in the vicinity of the headbay. Sampling in this area can
yvield large changes in salinity over relatively short periods of time, espe-
cially during high freshwater discharge periods. The supply sump is a large
and nearly homogeneous volume of water (analogous to the prototype ocean) that
reacts slowly to a spiked hydrograph; thus it can be measured less often and
with greater contidence in a single set of measurements. Salinity samples were

taken hourly (4.17 protatype days) in the headbay, in the return sump. and in

a2
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the supply sump throughout each dynamic saitnity test.  Testing of the thiee
areas together helps project trends tn the source salinity, and thus large
drops in source salinity can be prevented by adding brine to the return sump
when it shows a decline.  Source salinity was kept to within 20.5 ppt of the
desired 32.5 ppt throughout both base and plan tests.

9b.  Sump control 1n general was considered good for both tests. There
were short-term deviations caused by response to freshwater inflow tluctuations
in both tests and did not c¢reate perceptible discrepancies in the bay salini-
ties. The supply sump source salinity was checked a total of 269 times coin-
cident to both base and plan tests from lunar day -146 to lunar day 933. The
base and plan source salinities were within *0.2 ppt of each other 78.9 percent
of the time, and within 0.5 ppt 97.0 percent of the time. Only 8 of the 269
comparisons were outside the *0.5 ppt range and they all occurred during the
lead-in period trom lunar day -29 to lunar day 3. The largest plan-minus-base
difference 1n sump source salinity was +0.8 ppt at lunar day -9. The overall
base test average source salinity was 32.49 ppt and the plan test average was
32.50 ppt.
Salinity sampling

97. It was necessary during testing to monitor the distribution of
salinity within the bay to ensure that general expected patterns were develop-
ing and that anomalies in the bay were explainable within the context of the
test.  In order to accomplish this task, a set of 19 stability monitoring sta-
tions throughout Chesapeake Bay and the major tributaries was selected to give
v general picture of baywide salinity structure. These salinity monitoring
stations were not a primary part of the comprehensive testing program but were
selected mainly tor comparison with other studies performed at the Chesapeake
Bay model. The salinity monitoring stations were used to determine when the
model had reached the dynamic salinity equilibrium required for test initia-
tion and were a real-time test monitoring aid. Samples were taken at slack
after flood at each of the 19 salinity monitoring stations on every tide 3 and
every Lide 30 throughout the tests. The samples were analyzed immediately ana
hand-plotted to facilitate rapid analysis. No abnormalities in density struc-
ture were observed in either test and, consequently, confidence in their com-
parability is high.

98. Salinities in the bay were sampled at individual stations at from

onc to five depths per station (Figures 22 and 23 and Table 14). Approximately
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Figure 23.

Map showing all of the salinity stations
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500 samplcs were taken at cach sampled tide The sampled tides were 1, 10, 2%
and 48 at slack after flood which represent high-spring, mean, low-spring, and
neap tides, respectively (Figure 21). In all, 57,041 samples were collected 1n
the plan test and 55,331 were collected in the base test. The number ot addi-
tional samples for the plan test was due to additional sampling in the deepened

channel.

Salinity Data Analysis

99. The purpose of the dynamic salinity tests was to determine what
impact the deepened channels would have on the salinity distribution within
the Chesapeake Bay system. Salinity saampling stations were positioned at 193
locations throughout the model so that the effects on the entire system could
be determined. The majority of the stations were located near the project
area in the lower bay and James River with care taken in the selection process
so that biologicially sensitive areas would be covered. Locations of the sensi-
tive areas were provided by the Virginia Institute of Marine Science (VIMS)
along with suggestions for nearby sampling locations. Where physically pos-
sible, these locations were used.

100, Performing a detailed data analysis on 193 stations and presenting
the results 1n a technical report is an arduous and unnecessary exercise.

Data from all 193 stations were inspected for base-to-plan salinity difter-
cnces and a more veasonable number of stations were selected tor a detarled
analysts and presentation an this report. Data from 65 stations are presented
in this report along with various graphical plots that were used in the data
analvsis.  The statiops chosen tor incvlusion o this report provide an ade-
quate coverage ot the entite bay with more stations selected from areass which
showed notable base-to-plan safinaty changes .

101, Salimity data were pomarn by analyzed by using several graphical
techniques which are included o thes report . First, the data were displaved
from both tests 1n multade th time-histories beneath a total bayv discharge
freshwater hydrograph (Plates 151-2159) The time-histories display the entire
data set at 65 stations and are usetul tor observing changes 1o the vertical
salinity structure resulting trom hydrographic and tidal vartations.

102, Contained 1n the same plates are dispiavs of plan-minus-base dat-
ferences at surface and bottom and plan-minus-base depth-averaged ditterences,

both plotted against the «ame time «rale When o data point was missing trom

18}




one or both tests no difference was listed, Lhereby resulting iu discontioui-
ties in the plotted curves. At stations within the deepened channels, an ad-
ditional depth was included in the plan test showing the deeper bottom. Bot-
tom differences were calculated using the deepest depth at a station for each
test.

103. Salinity depth-averages were computed to determine the net salin-
ity change integrated over the water column at various locations in the bay
resulting from channel deepening. It should be firmly stated that one should
not view depth-averaged differences as the single most important indicator of
base-to-plan salinity differences. This method does not satisfactorily con-
sider increased vertical stratitication that often accompanies channel deepern-
ing. For a bottom dwelling organism, this is a crucial consideration. Base
and plan depth-averages were computed as shown in Figure 24. There are some
errors that are intrinsic to this method. Salinities at the surface and bot-
tom boundaries are computed by extrapolation from the two adjacent depths.
This is not accurate in any rigorous sense but it is o reasonable approxima-
tion that is applied in a similar fashion in both base and plan tests. When
differences are computed, the effects of this error are minimized. In order
to avoid the introduction of additional errors, the depth-averaging algorithm
only considered those stations having a complete set of salinities tor both
base and plan tests at a given point in time. In other words, 1f a salinity
value was missing from a certain depth at a given point in time, no depth-
averaged salinity difference was computed. This accounts for the gaps in the
depth-averaged difference plots (e.g., Plate 152).

104. The previously mentioned methods are adequate for observing base-
to-plan differences at one station over time but do not allow a picture of
salinity changes in a longitudinal or transverse sense. For this reason,
longitudinal isohaline profiles were drawn using data sampled trom the four

tides of the neap-spring cycle during both high and low discharge periods.

Model accuracy and repeatability

105. Prior to any discussion of the impacts of channel deepening on

salinities in the bay, it is prudent to discuss the accuracy and repeatability

of salinity data mecasured in the model. The term accuracy refers to closeness




0] 0
extrapolated
10 10
©
(S
5
< 20 20
o
f{
§3o 30
extrapoiated
"75F—'7Zé¥i_775?—__"¥7f?—722'
40 1 1 3 n 40
0 10 20 0
Salinity , ppt Salinity, ppt
n
3 a,
SAL = Lo
D

n
lzl [1/2(5AL]. £ SAL, (dy - d].)]
SAL =g e e e e e e = = = m w h w = e o e r————— e — -

D

or

where  SAL = depth-averaged salinity, ppt
SALi = salinity at depth i, ppt
di - depth i in feet below ms)
D = total station depth, ft

Figure 24. Definition sketch: depth-averaged salinity




of salinity values measured i1y the model to the "true” values ooiurring in the
prototype given that both model and prototype experience identical boundary
conditions. The level of accuracy ot the Chesapeake Bay model will never be
exactly known because it is virtually impossible to reproduce in the model all
the boundary conditions aftecting the prototype (wind, rain, ship movement,
Coriolis force, etc.). However, by considering the major forces affecting the
hydrodynamics of the bay (variable tide, river inflows, and ocean source sa-
linity), an approximation of the level of accuracy is possible.

106. The model has undergone two lengthy verification tests. The ini-
tial verification was accomplished in 1978 (Scheffner et al. 1981) and a re-
verification in 1981 {Granat et al. in preparation) following extensive con-
crete repairs prior to the Norfolk Harbor study. Although direct compara-
bility between individual model and prototype data points is not always pos-
sible due to Jdifterent boundary conditions and other differences, these veri-
fication tests have shown that the model does a good job of reproducing the
seasonal salinity variations resulting trom a dynamic freshwater hydrograph
and the neap-spring tide cycle. When used to determine base-to-plan salinity
ditfferences under similar boundary conditions, the model is accurate to within
*1 ppt. Certainly not everv measured data point will be accurate to within
these limits, but the overall accuracy of the estimation of salinity changes
resulting from channel deepening will be on that order. Further discussion of
the individual inaccuracies that combine to form the *1 ppt accuracy level s
lengthy and will not be addressed in this report.

107. A closely related and equally mportant aspect of model testing s
the repeatability (or precision) of model results. Here repeatability refers
to the closeness to one another ot ditfterent sets of model salinity measure-
ments taken under the same boundary conditions. ldeally, 1t would seem ra-
tional in both base and plan tests to bring the model to the same state of
dvnamic salinity equiltbrium prior to initiation of testing using the same
start-up procedure. In this manner, one can be assured that any base-to-plan
salinity differences are the result of channel deepening and not due to some
inconsistency in the model start-up prccedure. However, there i1s an interest-
ing dilemma springing from this approach. Will the model, having difterent
base and plan geometric configurations with the deepened channels, be able to

reach the same salinity stability under boundary conditions that are 1n every

other way equivalent? A closce inspection of base-versus-plan lead-in
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salinitieos and & good deal of mode!l expericace are required in
tactorily answer that question.

108. This dilemma is of particular importance to the Norfolk salimty
tests. Both the base and plan tests were brought to stability in a similar
tashion by initially flooding the model with fresh water and then introducing
saline water ftrom the ocean source via g variable tide generated at the ocean.
Despite the desired strictness of control in the start-up of both base and
plan tests, variations in the rates of ftresh- and saltwater introduction were
noticed between tests which resulted in different salinity distributions at
equivalent points in time. Due to differences in the model start-up proce-
dures and perhaps to a much lesser extent the different model geometries, the
model did not reach salinity stability in the same period of time tor the plan

test as in the base condition. From past experiences with the model| it was

decided that an additional day (200 tide cycles) ot lead-in time was needed in
the plan condition to obtain a state ot stability similar to the base condi-
tion. After the additional day of lead-in, the overall plan salinities were
approximately 0.5 ppt higher than the base salinities. The primary study area
in the lower bav and James River areas had verv similar base and plon sabing-
ties at this time, while areas showing the maximum lead-in differences were
distant from the study area in the middle and upper bav. By the end of test-
ing, the overall base-to-plan salinity difference at the stability monitoring
stations was near 0.0 ppt. The net effect of ditfering salinity beginning
conditions caused by dissimilar base-to-plan start-up procedures would be to
slightly overestimate the magnitude of any increased salinities in the plan
test. The areas showing the greatest base-to-plan lead-in difterences will be
discussed in more detail later in this report.
Neap-spring salinity variations

109. One of the purposes of this model study was to determine what dif-
ferences in salinity structure could be associated with the proposed channel
deepening project. Findings from the study would ultimately be used to deter-
mine if the project has any adverse effects on the environment, and if so, per-
haps the benefits of the project would be reassessed. Channel deepening often
alters the salinity structure of estuaries. In most cases, the net effect
would be to increase salinity intrusion on the hottom with increased vertical
salinity stratification. Net increases in salt averaged over the water column

ire sometimes evident as well. It hecomes the task of local authorities o
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ultimately determine whether or not the noted changes could adversely affect
the estuary, most particularly the biota. This test was designed to determine
over time the nature and magnitude of salinity variations caused by the chan-
nel deepening so that these values could be provided to local authorities for
their planning purposes. However, betore any degree of concern is placed on
salinity differences reported herein, an understanding of the prototype
through its physical model representation is needed especially if there are
naturally occurring salinity variations which make the magnitude of base-to-
plan differences comparatively small.

110. The lower “hesapeake Bay along with the James, York, and Rappahan-

nock Rivers experience tidally induced salinity variations that have been

noticed in the prototype (Haas 1979) and confirmed in the Chesapeake Bay model.
The neap-spring variations, as they are called, occur when lower amplitude
tides (tides 28 and 48) allow stratification in the water column followed by
larger range tides (tides 1 and 10) which mix the column again. Intertidal
salinity changes of as much as 5 to 8 ppt are common at a single depth along
with depth-averaged salt variations of 3 to 5 ppt (Figures 25-27). Extreme
variations, such as at sta JG2302 (Figure 25), can result in variations of
depth-averaged and bottom salinity changes of 9 ppt and 14 ppt, respectively.
Neap-spring changes in the project area appear to be greatest during periods
of high discharge when the vertical density gradient is the strongest. A deti-
nition sketch showing the relationship between the neap-spring tide cvcle and
salinity variations is given in Fighre 28 (from Richards and Gulbrandsen 1982).

111. The time-histories in Plates 151-215 illustrate that this phenome-
non is present throughout the model to various degrees with the strongest vari-
ations located in the vicinity ot the project area. From each reach of the
deepened channels, a representative station was chosen and displayed in Fig-
ures 25-27. Sta AC0002 is located in the Atlantic Ocean Channel, TS0004 in
the Thimble Shoal Channel, JNO103 in the Norfolk Harbor Channel, and EH0601
upstream in the Elizabeth River. Sta JG2302 1n the James River was chosen he-
cause it is the most extreme exampie of variations, and sta CB0404 in the mid-
dle bay shows very little if any neap-spring variation.

112. The mechanism responsible for causing neap-spring variations 1s
not suitably described in the literature nor is it sufficiently understood.
From the observations of data from various model tests including the Nortolk

Harbor study, it appecars tc occur in areas that contain large vertical dencity

bl
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Figure

~d

Typical neap-spring and seasonal salinity variations
in the Elizabeth River and mid-bay regions
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gradicnts which, of course, are noticed in the lower bay and Virginiz rivere.
This thesis seems to be supported by the observations that when neap-spring
variations occur at a station throughout a time-history, they are greatest
during high discharge conditions when the water column 1s most stratified
(Figure 24).

113. The major emphasis in this discussion is that organisms which laive
in the project area should be adapted to survive neap-spring changes in salin-
1ty without significant stress to their populations. Neap-spring salinity
changes have existed for ages and will continue to do so unless massive geo-
metric changes and/or flow suppression schemes are implemented by man or na-
ture. Nevertheless, the plan condition in this test was analvzed for struc-
tural changes in this neap-spring tide cycle.
Discharge-induced salinity variations

114. Variations in the supply of fresh water to the estuary are alsoe a
source of naturally occurring salinity variations. Periads of high discharge
during the winter and spring seasons generally freshen the entire water coljumn
with an increased vertical salinity stratification. With the approach ot the
summer and earlv autumn low-flow periods, the salinity in the entire water
column graduallv increases and the overall stratification decreases. longitu-
dinal salinity structure changes induced by freshwater flow variations are
very large at times, especially 1n the higher discharge rivers of the bay.
Smaller discharge rivers also experience structural changes relar 1 to the
hydrograph but to a lesser extent due in part to the fact that .. .1 flows 1n
and out of the river are large in comparison with freshwater discharge.

115. The James River shows the largest seasonal variations in salinity
in the study area. 1t is one of the higher discharge rivers on the bay
(Plate 149), and the range ot flow magnitudes between high and low conditions
is great. The flushing effect of a high discharge rate can be observed in the
James River longitudinal isohaline profiles (Plates 216 and 217). 1In general
over all tidal conditions, the 1-ppt isohaline is located approximately
125,000 ft (23.5 miles) farther downstream during the high-flow period than
during the low-flow period. Similarly, the 15-ppt isohaline is about 50,000 ft
(9 miles) farther downstream during the high-flow conditions.

116. The Elizabeth River can be classified as a low discharge river
(Plate 150). Flows in and out of the river are largely tidal in nature and as

a result the Elizabeth is a rather well-mixed estuary with the 20-ppt isohaline
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extending upstream to sta EH1001 duriug the low-flow periud (Plate 218j). The
Elizabeth River does not exhibit the well-defined "wedge" of salinity that was
observed moving upstream and downstream in the James River with changes in
freshwater flow magnitude. However, the estuary clearly becomes much more
stratified during the high-flow period (Plate 219). The 20-ppt isohaline in
the vicinity of sta EHI001 is replaced by a 6- or 8-ppt isohaline. During the
high-flow period, the surface salinities along the estuary are 8 ppt or more
fresher than during the low-flow period, but bottom salinities are only about
1 ppt fresher.

117. The Atlantic Ocean and Thimble Shoal Channels are located in open
areas of the bay and ocean and do not have a single, most predominant source
of fresh water. They do, however, experience similar longitudinal reactions
to the variable hydrograph (Plates 220 and 221) observed in the James and
Elizabeth Rivers. In the upper water column near sta TS0005, the 17- to 20-ppt
isohaline which is present during high-flow conditions is replaced by a 25- tc
26-ppt isohaline in the low-flow period. At the bottom, the 31-ppt isohaline
remains in essentially the same position during both high- and low-flow pe-
riods at tides 1 and 10. However, at tides 28 and 48 the 31-ppt isohaline in-
trudes about 50,000 ft farther upstream in the Thimble Shoal Channel during
low-flow periods. The strength of neap-spring variations in this region is
dominant as was shown in Figure 26.

Base-to-plan salinity differences

118. With an understanding of the dynamic nature of the lower bay under
undeepened existing conditions, we can now address changes in salinity struc-
ture which may be expected with the proposed channel deepening. Changes that
occurred in the deepened plan condition were examined in four ways: (a) plan-
minus-base differences at each depth (most importantly the bottom depth),

(b) plan-minus-base differences in depth-averages, (c) channel versus shallow-
water redistributions of salinity, and (d) plan versus base changes to the
neap-spring salinity response. Each of these will be discussed separately.

It should again be stated in this discussion of differences that no signifi-
cant changes due to channel deepening were noticed in the model north of

range CBO1. Any changes that are displayed in the plates are the result of
boundary and initial condition problems in model control and not channel
deepening.

119. Plan-minus-base differences at each depth were plotted through
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time i Plates 151-215. 1t would he convenicnt to generalize cn the nature of
salinity differences, but it is difficult because each individual station lies
in a portion of the estuary where freshwater and tidal flows have different
relative strengths as well as different local geometries. Each station should
be inspected individually for differences at depth with the realization that
there is noise in the data set so no particular significance should be as-
signed to any one point. Also it should be realized that the degree of model
density stability increases with time so dirta collected in the later portions
ot the test are more realistic in predicting differences. It is safe to gen-
eralize that channel stations showed iuncreased bottom salinities with an over-
all 1ncrease in vertical salinity stratification. Shallow-water areas and
channels that were not deepened showed less structural variations and less in-
creased salinity than deepened-channel stations. Figures summarizing those
findings will be presented later.

120. Depth-averages were computed to predict what net imports or
exports of salt could be expected in the project area. Results from 65 study
stations were grouped into five categories describing the average net increase
or decrease in depth-averages throughout the test. The following summarizes

the observed changes.

Net lIncrease, ppt ) _ Net Decrease
0.51 to 1.01 to 1.51 to ppt
- .0.00 to 0.50 1.00 1.50 22.00 0.00 to 0.50
AC0002  JG0601 PGO101 EE0101 EH0202 EHO102 CB0OOO2
CRO109  JNO104  PO0202 EHO4L0 1 EHO501 CRO008
CB0208 JUNO201 RGO102 EHO901 EHO601 JNOT01
CBO303 JN0O202 RGO202 EHi001 EHO701 JNO103
CRO404  JND203  RGO501 JG0203 FHOBO1 JNO105
CBO5S05 JNO502 TS0002 JG0302 JN0205
CBO611 JIN0O603 WB0201 JNO102 LFO101
CBO705 JNOBO1 WOO0101 JNO204 L.S0001
CG0101 MFO0O1 YGO102 JNO303 LS0002
EHO301 NS0101 YGO302 NNOOO1 LS0003
JGO103 NS0201  YGO501 TS0004 1.50004
JG0402 NS0301
JG0O502 NS0401
121. As shown in the preceding list, stations upstream of range CBOl as

well as the upper James River show little if any changes in their depth-
averaged salinity. Channel stations iov the Elizabeth and lower James Rivers
along with the upper end of Thimble Shoal Channel show noticeable average net

calinity increases from 0.5 to 1.7 ppt. Some stations, primarily in
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shallow-water areas, actually showed depth-averaged freshening in the plan
test although very slight, always less than 0.5 ppt -esher.

122. The freshening of shallow-water areas in the Horseshoe Shoal area
is an example of a transverse redistribution of salt in the cross section due
to channel deepening. Freshening rarely occurred at any of the stations un-
less they were adjacent to a deepened channel area. Figure 29 shows depth-
averaged differences across the Horseshoe Shoal transect (LS0001-LS0004) with
sta TS0004 (Figure 22) being the deepened station. The l-ppt approximate in-
crease in depth-averaged salinity at sta TS0004 and the slight freshening at
sta LS0001, LS0002, LS0003, and LS0004 illustrate this point. During the
first high-flow season, the redistribution is particularly strong. Other
transects show a similar response to varying degrees in both the bottom dif-
ferences and depth-averaged differences plots.

123. Bottom differences were one of the most important results of the
study. It is on the bottom where certain biota, particularly shellfish, are
particularly susceptible to adverse salinity changes. Maps summarizing bottom
differences for the various tide and hydrograph conditions are given in
Plates 222-23b. These plates show that channel deepening increases salinity
along the bottom of the channels by up to 4.0 ppt, but shallow-water areas and
undeepened channels show very little change. In tact, outside of the Eliza-
beth and lower James channel areas, increases were rarely as great as 1 ppt for
any tide or hydrograph condition tested.

124. The bottom differences discussed thus far are viewed at discrete
points in time during particular tidal or hydrographic conditions. 1t is alsc
important to view the change in the bottom variations through time to detect
any possible change to the neap-spring salinity response. Changes to the neap-
spring response are most important on the bottom for previously stated reasons.
They are also easily observable on the bottom.

125. An inspection of the base and plan time-histories in Plates 151-
215 will reveal the magnitude of the cyclic neap-spring response on the bottom
depths. For example, in Plate 163, sta EHO102 shows a different neap-spring
response between base and plan conditicns. The base contains an approximate
3- to 4-ppt variation throughout the hydrograph while the plan shows only a
2- to 3-ppt range. This damping of the tidally induced neap-spring response on
the bottom is prevalent in the deepened channel areas of the Elizabeth River.

From sta EHO0102 upstream tc EHO801, the damping is fairly consistent with base
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Depth-averaged salinity redistribution across the Horseshoe
Shoal transect
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ranges varying between 2 and 3 ppl and the plan between 1 and 2 ppt. On the
average, a l-ppt damping was noticed with the exception of sta EHO0301 which
showed an increased bottom range. This station, however, exists in a portion
of the river which was not deepened. Both base and plan tests had their sa-
linity probes located at the same depths. The observation of increased bottom
range in the plan condition at sta EH0301 is consistent with the 48-ft depth
downstream at sta EH0202 and the 44-ft depth upstream at sta EH0401. Both ex-
perienced slight range increases in what were the base bottom depths.

126. Since three channel sections were dredged in the lower bay and
James River area it is interesting that only the deepened portions of the
Elizabeth River showed any distinguishable changes in the neap-spring salinity
response. A possible explanation for this observation stems from the fact
that each of the channel sections, Thimble Shoal, lower James River, and the
Elizabeth River, lie in radically different portions of the estuary. The
James River is a high discharge river with broad transverse dimensions com-
pared with its relatively narrow navigation channel widths. The Thimble Shoal
Chanrel lies in the lower bay where the significant freshwater influences of
the James and other rivers are felt plus again it has a narrow navigation chan-
nel in a broad cross section. Both are highly dynamic zones of turbulent mix-
ing with strong freshwater and tidal mixing inputs and strong current veloci-
ties. The Elizabeth River, by contrast, is a narrow river with negligible
freshwater input, weak current velocities, and its deepening represents ua
larger portion of its total conveyance area. Relatively little mixing is
present with successive neap and spring tide cycles having little influence on
the bottom current velocities and thereby these salinities.

127. The biological ramifications of a damped neap-spring response are
worthy of consideration. A variety of organisms can tolerate increases or de-
creases 1n salt concentration provided they are of limited duration. The
d mped neap-spring response along with the slight increase of bottom salini-
ties could place a number of species in a stressful position. Biologists
would have to determine the tolerance levels for each species versus the
changes predicted in this report. Normally, shellfish are of the most concerp
in deepening studies both because of their bands of salinity tolerance and
those of their predators. One heartening fact observed in viewing the data is
that where changes do occur either by absolute or in a time-varying neap-

spring fashion, they inevitably occur in nonactive biological areas in the
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deep channels. Shallow-water areas where most shellfish thrive were rela-
tively unaffected by this deepening project especially when compared with the
magnitude of natural salinity variations which already occur in the base

condition.
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PART V: CONCLUSIONS

128. Changes in tidal elevations, amplitudes, and phasing which may be
due to the effects of channel deepening were sufficiently small that they were
undetectable with the measurement techniques used at the hydraulic model.

: Model measurement techniques are of sufficient accuracy that significant
changes would have been noticed; therefore none are expected.

E 129. Several subtle velocity variations in the model tests were ap-
parently due to channel deepening. An overall decrease in velocity amplitude
of about 0.13 fps was noticed during the plan test. This is consistent with
the principles of continuity, but the magnitude of change is close tou the ac-
curacy limitations of model instrumentation. Slight increases in flood pre-
dominance were noticed under average inflow conditions indicating perhaps that
salinity intrusion may move upstream in the study area. This observation is
3 consistent with the observed increased salinities. Overall changes in model
velocities could be attributed to the effects of channel deepening but the
magnitude of the changes is barely detectable.

130. Variations in the model salinity distribution were noticed that
could be attributed to channel deepening. The greatest differences were
noticed in the deepened channel areas where increases in the bottom salinities

] varied between 0 and 4.0 ppt. Channel depth-averaged increases varied between

0 and 2 ppt. Shallow-water areas near the deepened channels experienced much
less of a salinity increase. At times there was actually a slight freshening
of the shallow waters. Stations elsewhere in the model showed modest in-
creases in depth-averaged salinity but were normally less than 0.5 ppt.

131. The salinity tests documented the locations of stations in the
study area that exhibit large (commonly as great as 5 to 8 ppt) salinity
changes due to the neap-spring tide cycle. The entire study area experienced
these variations that are naturally occurring and not caused by channel deepen-
ing. Channel deepening did, however, cause a slight change in the neap-spring
salinity response. It was characterized by a damping of the cyclical salimity
variations in the bottom depths of the Elizabeth River. Elsewhere, little if
any neap-spring changes were detectable.

132. The intention of this report and its accompanying data set is tc
furnish biologists and planners with the information necessary to assess the

impacts of the proposed dcecpening preject con the environment. Almost all
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deepening projects cause some degree of environmental change and this project
is no exception. Every effort has been made to quantify the extreme natural
salinity variability in the project area resulting from hydrographic and tidal
variations. Before any value judgments are made pertaining to the benefits of
the dredging versus any possible environmental concerns, a good knowledge of
the region's natural variability should be obtained. The variations in salin-
ity response caused by channel deepening are small compared with the varia-

tions that occur naturalliy in (e region.
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Tab

le 1

Sewage Treatment Plans (STP) and Cther Diversions

Discharge
[.D. Name Tributary Latitude Longitude cfs
A James River STP  James River 37%4v35"  76%321 20" 26
B Boat Harbor STP  James River 36937'30"  76%4'48" 34
C Army Base STP Elizabeth o o
River 36755'20" 76°20'10" 23
D Lamberts Point Elizabeth o o
Qutfall River 36°52'58" 76 24'00" 50
E Chesapeake - Little o o
Elizabeth STP Creek 36 56'35" 76 10'17" 40
- Surry Nuclear o 0
Cooling Intake James River 37°09'33" 76740'15" 3740*
- Surry Nuclear o
Cooling Outfall  James River 37°10'09" 76 42'11" 3740+
TOTAL 173*

*The discharge of 3740 cfs for the Surry Nuclear Power Plant cooling
diversion was not added to the model, but was instead circulated
from the downstream side of Hog Island to the upstream side to simu-

late prototype conditions.

the total.

Hence, the 3740 cfs is not included in




S —

Table 2

Freshwater Discharges

Steady-State Velocity and Tide Tests

Inflow .
Number  Tributary Tests 1 & 2
1 Nansemond River 1,063
2 Chickahominy River 826
3 Appamattox River 2,763
4 James River 20,711
5 York River 7,597
6 Rappahannock River 8,120
7 Wicomico River (Potomac) 1,177
8 Occoquan Creek 6,771
9 Anacostia River 1,663
10 Potomac River 21,947
11 Patuxent River 2,517
12 Severn River 669
13 Patapsco River 1,751
14 Gunpowder River 2,29
15 & 22  Susquehanna River 106,335
16 Bohemia River 1,103
17 Chester River 1,333
18 Wye River 543
19 Choptank River 2,333
20 Nanticoke River 1,626
21 Pocomoke River 2,349
23 Elizabeth River £69
Total Bay Discharge 200,000

Discharge, cfs

Tests 3 & 4

L&)
~J
Py o
—
~J

817
1.619
ac7
314

70,00




Table 3

Tide Station Locations
Steady-State Tide Tests

Station  Body of Water Latitude Longitude
OCEAN Atlantic Ocean 36%58'54"  75%33'27"
Sta 3 James River (01d Pt. Comfort) 37%0'18"  76°18'50"
CBOOOT  Chesapeake Bay 36%56'17"  76%00' 23"
CBO004  Chesapeake Bay 37%0'14"  75%59'30"
CBCJ08  Chesapeake Bay 37°03'13"  75%8"'37"
CBO101  Chesapeake Bay 37%6'00"  76°14'36"
CB0105  Chesapeake Bay 37°08'51"  76%08' 48"
CBO109  Chesapeake Bay 37°11'42"  76%02' 07"
JG0302  James River 37%3'21*  76%35'35"
INO202  James River 36%55'42"  76%25'44"
EH0203  Elizabeth River 36%53'09"  76°20'13"
EHO901  Elizabeth River 36%45'05"  76°17'46"
EE0301 East Branch Elizabeth River 36950 13" 76°14'40"
WB0201  West Branch Elizabeth River 36°51'18"  76°21'15"
TS0003  Thimble Shoal Channel 36°58' 24" 76°06'30"
TS0005  Thimble Shoal Channel 37%0'18"  76°13'54"

¥S0001  York Spit Channel 37%02'43"  76%04'23"
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Table 5

Plan-Minus-Base Amplitude Differences

Steady-State Tide Tests

Four Test
Station Test 1 Test 2 Test 3 Test 4 Average
ft ft ft ft ft
OCEAN 0.02 -0.06 -0.04  -0.01 -0.02
E Sta 3 ~0.03 0.02  -0.01 -0.03 -0.01
{ C80001 -0.01 0.00 0.05 0.03 0.02
i CB0004 0.02  -0.04 0.03  -0.05 -0.01
CB0008 0.02  -0.01 -0.08  -0.03 -0.02
C80101 0.06 0.00 0.00 0.07 0.03
CBO105 0.01 -0.02 0.00  -0.05 -0.01
‘ CBO109 0.05 -0.06  -0.02 0.03 0.00
3 JG0302 -0.02 -0.02 0.01 -0.02 -0.01
INO202 0.00 0.01 0.00 0.01 0.00
EH0203 0.03 0.02 0.02 0.02 0.02
EH0901 0.00  -0.03 -0.05  -0.0 -0.02
EE0301 0.00  -0.01 -0.04  -0.03 -0.02
WB0201 0.03 0.00' -0.01 0.02 0.01
750003 0.02 -0.04  -0.06 0.02 ~0.01
750005 0.04 N/A N/A -0.03 0.00
YS0001 0.06  -0.02  -0.06 0.00 0.00
Mean 0.018  -0.013  -0.015  -0.004 -0.003

Std Dev 0.027 0.023 0.037 0.033 0.032
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Table 8
Velocity Station Locations
Steady-State Velocity Tests

Sampling Depths

* Add1t1ona1 depths samples dur1nq plan test only

Station Body of Water {ft below msl1) Latitude Longjtude
, €B00O1 Chesapeake Bay 4, 18, 32 36 56'12" 76 00'18"
i CB0002 Chesapeake Bay 4,20,35,54,71 36 57'30"  76° 00 05"
: 80004 Chesapeake Bay 4, 16, 28 37° 00 06" 75 59 30"

CB0006 Chesapeake Bay 4, 15 37 02 oo" 75 959 06"

CB0008 Chesapeake Bay 4, 24, 43 37003 18" 75058 48"

CB0009 Chesapeake Bay 4, 16 37 04 37" 75 58 36"

CBO101 Chesapeake Bay 4, 13 37 05 58" 76° 14 43"

CBO103 Chesapeake Bay 4, 14, 24 37 07 05" 76 O12415"

CBO105 Chesapeake Bay 4, 20, 37 37 08 36" 76 08 59"

CBO107 Chesapeake Bay 4, 15, 27 37 10'36" 76 04 37"

CB0O109 Chesapeake Bay 4, 39, 75 37 11'48" 76 02 01"

CBO110 Chesapeake Bay 4, 15 37 12'08" 76 0] 32"

AC0002 Atlantic Ocean Channel 4,27,49,54* 36° 54 06" 75° 54 33"

TS0003 Thimble Shoal Channel 4,26,56,51* 36058 21" 76 06 39"

TS0005 Thimble Shoal Channel 4,27,50,55* 37 00'24" 76 14'39"

YS0001 York Spit Channel 4, 25, 45 37 02 33" 76 %04° 31"

JGOT1O James River 4, 11 36958'54"  76°17' 36"

JGO102  James River 4, 26, 48 36059'36" 7601754

JGO103 James River 4,22,44,66,83 37 OO 00" 76 18'12"

JGO311 James River 4, N 37 %03'06" 76° 36 16"

JG0302 James River 4, 16, 27 37 03'30" 76° 35 36"

JG0321 James River 4 37 04 11 76 36'15"

INO202  James River 4, 12 36055'23"  76°25'46"

JN0203 James River 4, 20 36 56'24" 76 25 22"

JNO204 James River 4,26,48,55% 36057 04" 76° 25 07"

EHO0202 Elizabeth River 4,25,46,55* 36 53'15" 76 20'04"

EHO203 Elizabeth River 4, 22, 40 36 53'18" 769 20 16"

EHO501 Elizabeth River 4,22,39,45* 36 50'34" 76 17'41"

£EHO701 Elizabeth River 4,19,35,40* 36° 47 05" 76 18'13"

EHOS01 Elizabeth River 4, 13, 35 36 45118~ 76 17'44"

EE0301 East Branch Elizabeth o o

River 4, 21 36°50'13" 767°14'48"

WB0201 West Branch Elizabeth o

River 4, 13 36°51'14"  76°21' 20"
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Table 14

SALINITY STATION LOCATIONS

DYNAMIC HYDROGRAPH TESTS

Station
ACOOOI
AC0002
AC0003

BGO101

£B0001
CB0002
CBO0D3
CB0004
CB0005
CB0006
£B000O7
CB0OCO8
CB0009

CB0101
€B0102
€B0103
(B0104
CBO105
(BO106
CB0107
CB0108
€B0109
CBO110

(B0202
80204
CB0206
CB0208
(B0210

CB0301
CB0303
CB0O306
CBO310

CB0401
CB0404
CB0407

Sampling Depths

Body of Water ft below msl Latitude

Atlantic Channel 4,14,24,50 35 49'54"
Atlantic Channel 4,14,24,50,57* 36° 54 06"
Atlantic Channel 4,14,24,50,57* 36%55110"
Back River (Virginia) 3,10 37%¢6 ' 36"
Chesapeake Bay 5,13,23,33 369561 12"
Chesapeake Bay 4,12,22,32,68  36057'30"
Chesapeake Bay 4,22,32 36 58’48
Chesapeake Bay 4,22,30 37900 06"
Chesapeake Bay 4,12,17 37001'12”
Chesapeake Bay 5,12 37002‘00“
Chesapeake Bay 5,13,18 37 02'54"
Chesapeake Bay 5,23,43 37° 03 18"
Chesapeake Bay 4,16 37%a' 37"
Chesapeake Bay 5,15 37°05' 58"
Chesapeake Bay 4,12,18 37006'37”
Chesapeake Bay 5,15,28 37 9971 05"
Chesapeake Bay 4,13,30 379 07 37"

Chesapeake Bay 4,23,37 37 908 36"

Chesapeake Bay 4,12,22 379%arag"

Chesapeake Bay 4,12,27 3791036

Chesapeake Bay 4,14,2¢ 3792

Chesapeake Bay 4,12.22,42 37911 48"
Chesapeake Bay 4,17 3771208

Chesapeake Bay 4,12,27 370“0 16"
Chesapeak Ray 4,12,32 37 30'pg”

Chesapeal. ay 4,22,42 37 30°15"
Chesapeake Bay 4,32,52 37 021"
Chesapeake Bay 3,11,2 37930 23"
Chesapeake Bay 4,22,35 370 54 2"
Chesapeake Bay 4,22,62 79 54 18"
Chesapeake Bay 4,22,37 «7 9541 46"
Chesapeake Bay 3,71,57 3,956 30"
Chesapeake Bay 4,22,32 :U°L3'14"
Chesapeake Bay 4,42,92 35, 92 20"
Chesapeake Bay 4,16 360221 2gn

(Cont1nued)

* Qdd1t1ona1 depths

%amn1ed dUtlnq p]an test only.

Longitude
75 48 52"
759 54 33"
7596 112"

76°17' 30"

s,0nn ..
/6 OO 18

6 Oﬂ oer
*:Ord'd"”
75959 30"
75059 180
73‘50'ﬂc'
759 53'543

75758 49"
~L0 ‘
/‘LS\H 2{

7b 1142
76° 1“'@?'
76 07 16"

Org RIVA

76022l]6l|
76020"13"
767184 15"
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Station

€BN502
(80505

CBO611
CB0604

£BO703
CBO705

£C0001
£Cooo2

CG0101

€00101
€00201

£EO101
£EQ201
EE0301
EHO101
EHD102
£H0103
EH0201
£EH0202
EH0203

EHO301
EHO302

EHO401
EHO501
EHO601
EHO701
EH0801
EHO0901
EH1001

Body of Wa

Chesapeake
Chesapeake

Chesapeake
Chesapeake

Chesapeake
Chesapeake

Cape Henry
Lape Henry

Choptank R

Table 11 (Continued)

ter

Bay
Bay

Bay
Bay

Bay
Bay

Chanrel
Channel

iver

Chickahominy River
Chickahominy River

E. Br. Elizabeth River
E. Br. Elizabeth River
E. Br. Elizabeth River

flizabeth
Elizabeth
Elizabeth
Elizabeth
Elizabeth
£1izabeth

Elizabeth
Elizabeth

Elizabeth
E1izabeth
Elizabeth
Elizabeth
Elizabeth
Elizabeth

Elizabeth

River
River
River
River
River
River

River
River

River
River
River
River
River
River

River

Sampling Depths
(ft below ms1)

4,22,32
4,52,102

4,28,53
4,22,37

4,16,28
2,14,24

4,14,24

4,12

4,14,24,48,58*

4,14

4,14,24,44,48*
4,14,24,42,48*
4,14,24,42,48*
4,14,24,36,43*
4,14,24,36,41*

4,14,24,36
3,13

(Continued)

Latitude
38%0 32"
3890 35"

39908+ 03"
39908 20"

39919157
399191 2p"

369591 05"
36959 48"

38%38'10"

36916'13"
36918 42"
36950 27"
36950 24"
36950 13"
36855'30”
36955 30"
36955 30"
36253'09“
36,53' 15"
36°53' 14"

36852‘25“
36521 23"

36°51' 31"
36”5034"
36948'50"
36°47' 05"
36°%46" 36"
36945 18"
36%43'53"

Longitude

76926 12"
76923'50"

76%24 06"
76019 23"

76%12102"
769111 24"

76200171
76900 54"

76°09" 36"

769521 47"
769621 42"
76916 156"
76%\6'00“
76714'48"
76920 08"
76920 21"
76920 33"
76%19'53“
76,20'04"
76920 16"

76919' 59"
76920 12"

76°18'50"
76°17' 41"
76017 28"
76°18'13"
76%17'45"
76%17' 44"
76°16' 49"

{Sheet 2 of 6)
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Table 14 (Continued)

Sampling Depths

Station Body of Water ft below ms] Latitude Longitude
JG0101  James River 3,13 36858'54“ 76217'36"
JG0102  James River 3,23,43 36,59'36"  76,17'54"
JGO103  James River 3,13,23,43,72  37°00'00" 76°18'12"
JG0211  Jarmes River 4,14 36958' 17" 76923' 20"
JG0201  James River 3,12 36958 48" 76°27' 54"
JG0202  James River 3,12,22 36952' 54 76927' 12"
JG0203  James River 3,23,43 36959127 76026' 54"
JG0311  James River 4,14 37903'06"  76°36' 16"
JG0301 James River 3,12,18 37802 547 76835'5””
JG0302  James River 4,13,20,30 37,03'30"  76,35'36"
JG0321  James River 4 37%a4' 11" 76%36'15"
JG0401  James River 2,19 37911 54+ 76%0" 18"
JG0402 James River 4,13,28 3791230 76939' 12"
JGO501  James River 3,7,2¢ 3791254 76%48' 0"
JG0502  James River 3,20,39 37913'06" 76947 30"
2G0601 James River 3,13,2? 37°914'06"  76%56' 4o
J60701  James River 4,14,29 3791706 77%2" 36"
JG0801 James River 5,15,25 37°918'06"  77%08' 47"
JG0901  James River 4,16,29 37916 06" 77%16' 27"
JG1001  James River 4,13,24 3792248 77%20'18"
INO101  James River 4,12,20 36958’ 06" 76819'40“
JNO102  James River 4,14,24,44,57% 36953 17" 76020'03"
JNO103  James River 4,14,24,34,58 36958 30" 76020'16"
JNO104 James River 4,14,24,44 36058|52” 76020'41“
JNO105  James River 4,12 36959 '33"  76%271' 25"
JN0201  James River 4,12 36855'09“ 76%25'56“
INO202  James River 4,14 36055'23"  76025'46"
JN0203  James River 4,14,23 36,56'24" 76,25'22"
JN0204  James River 4,14,24,50,58* 36’57,04" 76)25'07"
IN0205  James River 4,14,2?2 36957' 28" 76%24'47"
JNO301  James River 4 37900 33" 76832:44“
JNC302 James River 4,18 37901 17v 76,31'55"
JNO303  James River 4,18,32 37°01 43" 76031'26"
JNO304 James River 4 37902 33" 76°30'33"

{Continued)
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Table 14 (Continued)

Sampling Depths

Station Body of Water ft below msl Latitude Longitude
JNO401  James River 4,14,24 37002 21" 76°39' 53"
" O ot Arn

JNO501 James River 4,14 37 07 29” 7b039 05
JN0502 James River 4,17,31 37%7'33" 76 38" 32
JNO601  James River 4,10 37 10'30" 76 42' 32¢
JN0602 James River 4,10 37 10 50“ 76 43' 10
JNO603 James River 4,14,28 37 11 15 76 43'53
ONO701  James River 4 37°09'30" 76" 44" 02"
L 0 ' "

JN0801 James River 4,14,25 37 12°55" 76,5241
JN080Z James River 4,12 37 13 28 76552 42"
JNOS03 James River 4,14,24 37°14'36"  76°52' 43
LFO101  Lafayette River 4 36034 04, 76 1911
LF0201  Lafuyette River 3,16 36054 13, 76017 40"
LFO301 Lafayette River 4,10 36053'16" 76 16' 42"
1 1] 0 ] 1

LH0001 Lynhaven Bay 4,20 26 55 09 76 0519
0 1 " 0 1 1

LS0001  Horseshoe Shoal 4,18 36057.26.  7612' 37
LS0002  Horseshoe Shoal 4,14,23 36058 53, 76012 08’
LS0003  Horseshoe Shoal 4,14,24 37500/20,  76511' 44"
LS0004 Horseshoe Shoal 4,18 370130 76 11 21"
' " 0 ' "

MB0102 Mobiack Bay 3,20 37 18 42 76 20 48
| " 0 ] "

MF0001 Fort McHenry Channel 4,22,52 39013 48 76 32 32
' n o ! [

NGO101 Nanticoke River 4,14,24 38014 50 75 55 30
0 _ _ " 0 . .

NNOOO1 Newport News Channel 4,14,32,50,58% 36 57 35 76 211G
NS0101 Nansemond River 4,17 36 54 12 76027 32"
NS0102 Nansemond River 4 36 54 23" 76 28'16"
NS0201 Nansemond River 4,12,20 36 53'18" 76 29'17"
0_ n 0 ' '

NS0301 Nansemond River 4,12,19 36 52 03 76 30 37
0 1 " 0 1 "

NS0401 Nansemond River 4,10 36 50 31 76 32 00
0 t " ¢ ) "

NS0501 Nansemond River 4 36 4911 76 32 22
(s} | n 0 1 "

PGO101 Patuxent River 3,22,39 381843 76 2517

(Continued)
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Station

P10101
| P00102

P00103
P00 104
; PO0202
PO0301

rOQa0?

POLOVY
PO0802
PQO101
PRO103
PRO202

RGO101
RGO102

RG0201
RG0202

RGO301
RGO302

RGO501
RGO601
RGO701

RS0001
RS0002
RS0003

TS0001
750002
750003
TS0004
TS0005

Body of Water

Piankatank Ri
Potomac River
Potomac River
Potomac River
Potomac River
Potomac River
Potomac River
Poatoriac River
Potormac River
Poquosson

Patapsce =ive

Table 14 (Continued)

River

Patapsco River

Rappahannock
Rappahannoch

Rappahannock
Rappahannock

Rappahannock
Rappahannock

Rappahannock
Rappahannock
Rappahannock

Rappahannock
Rappahannock
Rappahannock

Thimble Shoal
Thimble Shoal
Thimble Shoal
Thimble Shoal
Thimble Shoal

Samp11ng Depths

(ft below msl) Latitude Longitude
"""" - 0\ _ .
ver 4,12,20 37 31'54" 761824
3,22,38 37 58'30" 75019 42
3,22,40 37 59'30" 76 19 54"
3,31,49 38 00'52" 76%0 00"
3,22,60 38°04'04"  76%27'11"
0 (] "
3,32,57 38 09'28" 76°34'30
7 O ] t O
1,22,41 38 12'08" 76%514p"
~a ~ 0 ' [ Q
3,202,860 38°21'20" 76959172
0 ' M [}
1,19 38 21'33" 77914500
0. W
3,10 37710"12" 769300
~ A 0 ' " (o]
\ 13,30, 4 39 10'45"  76%6'33"
- O [} i 0
16,33,50) 39 11'58" 76°30'10"
River 3,13,06 37 3¢'54" 760 17'3¢"
River 3,20,33 37°36'06"  76°17'06"
River 3,13,26 37036125" 76023 41"
River 3,14,25,52 37 36'55" 76923'54"
O 1 "
River 3,13,26.59 37437.54"  76.28" 36"
River 3,13,20 37 38"22" 76728 12"
O ] n
River 3,13,25 37 45'54"  76°37' 10"
O 1 i
River 2,19 37°48'36"  76°42' 36"
O A 3
River 2,19 37 52" 30" 76%16’ 18"
Shoal Ch.  4,24,52 37034 51" 760 ;03'32"
Shoal Ch.  4,24,52 37537.00. 76° 505" 48"
Shoal Ch.  4,23,52 37°39" 12" 76%08' 02"
Channel 4,14,24,49 36056 49" 76 oo 1"
Channe] 4,14,24,49,58* 36957'40" 76904 45"
Channel 4,14,24,49,54% 36 58'23" 760 06'39"
Channet 4,14,24,49,58* 36(§9 47" /601] 53"
Channel 4,14,24,49,53* 37%0'24" 76%14'39"
{Continued)
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Table 14 (Concluded)

Station
WBO101
WB0201
W00101

YG0101
YG0102

YG0201

YG0301
YG0302

YG0401
YGO402

YG0501
YG0601

YS0001
YS0002
YS0003
YS0004
YS0005

Sampling Depths

Body of Water ft below msl Latitude
N. Br. Elizabeth River 4,14 369571 34"
W. Br. Elizabeth River 4,16 369511 14"
Willoughby Bay 4,10 36°57'27"
York River 4,24,34 37014" 12"
York River 5,2%,54 37714'30"
York River 4,14,44,59 37%14" 18"
York River 3,13 37819'00“
York River 3,11,27 37°19'18"
York River 3,11 37022412
York River 12,16,25 37°22'24"
York River 4,14,26 37%24" 48"
York River 4,14,24 37°29" 18"
York Spit Channel 4,24,49 37502" 33"
York Spit Channel 4,22,49 3/006'24“
York Spit Channel 4,22,49 37411°03"
York Spit Channel 4,22,45 37,14 12"
York Spit Channel 4,24,52 3771712

Longitude

769201 07"
76%21 20"
76%16'57"

76825'00“
76925 00"

76°301 12"

76836'24”
76°35' 54"

76839'00“
76938 36"

76%41' 06"
76%451 24"
76°04' 31"

76°07" 16"

76209'18“
76,08" 08"
7606 ' 59"
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